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ABSTRACT
AN ACOUSTIC METHOD FOR IDENTIFYING SAND FABRIC 
AND LIQUEFACTION POTENTIAL
by
GENE V. ROE 
U n iv e rs ity  o f New Hampshire, May, 1981
The te s t in g  program described in  th is  d is s e r ta t io n  was per­
formed to  develop an acoustic  method fo r  id e n t ify in g  the fa b r ic  o f 
saturated medium to  f in e  sand samples, and th e ir  re la te d  res is tance  
to  l iq u e fa c tio n . Three methods o f p re pa ra tio n , th a t produced repeat- 
ab ly d if fe re n t  p re fe rre d  long g ra in  ax is  o r ie n ta tio n s , were used to  
prepare la b o ra to ry  samples (6 .8 “ high by 2 .7" in  d iam eter) o f a 
un iform , angular sand.
Acoustic s ignatures were obta ined, fo r  both dry and sa tura ted  
samples, using compressional and shear wave transducers. The la t t e r  
were developed s p e c if ic a l ly  fo r  the te s t  program and included a 4 
bender bimorph a rray  as the shear wave c ry s ta l.  The samples were 
then tes ted  to  l iq u e fa c t io n  under undrained, s tress  c o n tro lle d , 
c y c lic  t r ia x ia l  co n d itio n s .
Results o f the in v e s tig a tio n  revealed th a t the compressional 
wave v e lo c ity  and a tte n u a tio n  o f the sa tura ted  t r ia x ia l  sand samples 
were re lia b le  in d ic a to rs  o f sample fa b r ic ,  a lb e i t  they were very 
se n s it iv e  to  the le ve l o f s a tu ra tio n . In  tu rn , these acoustic  para­
meters were found to  be d ir e c t ly  re la te d  to  the liq u e fa c tio n  re ­
sistance o f the same la b o ra to ry  samples. The e f fe c t  o f s tress  h is to ry
on the l iq u e fa c t io n  res is tance  o f a te s t  sample was a lso p red ic ted  by 
the above acoustic  parameters.
The re s u lts  o f  te s ts  employing the newly developed acoustic  
transducers confirmed the i n i t i a l  compressional wave re s u lts  as w e ll 
as p ro v id ing  in fo rm a tio n  on the shear wave v e lo c ity  o f the te s t  sand 
fa b r ic s . This more complete acoustic  s igna tu re  pe rm itted  the computa­
t io n  o f the Shear Modulus, V /V  , and Poisson's Ratio fo r  the la b o ra to ryP s
samples. Each o f these parameters was found to  be a s e n s it iv e  in d ic a to r  
o f the method o f sample p re pa ra tio n , and the re s u lt in g  acoustic  
r ig id i t y .  Shear wave v e lo c ity  was observed to  decrease w ith  increas ing  
moisture content and decreasing e ffe c t iv e  s tre ss . The e f fe c t  o f 





The p o te n tia l fo r  l iq u e fa c tio n  o f sa tu ra ted  sands subjected 
to  dynamic loads has been stud ied  w ith  increas ing  d e ta il since the 
p ioneering work o f Seed and Lee (1966) in  the mid 1960's. One need 
on ly re c a ll the ca ta s tro p h ic  fa i lu r e  o f foundation s o ils  due to  
earthquake-induced l iq u e fa c t io n  a t both N iig a ta , Japan and Anchorage 
Alaska in  1964 to  understand the importance o f th is  e f fo r t .
A t the present time the geotechnical engineer e s s e n t ia lly  has 
two methods a v a ila b le  to  him fo r  assessing the liq u e fa c tio n  p o te n tia l 
o f a given sand depos it. He may attem pt to  remove and preserve 
in ta c t ,  so -ca lle d  "und is tu rbed  samples" o f the s o il fo r  la b o ra to ry  
eva lua tion  o f the res is tance  parameters, or he can use an em p irica l 
method which co rre la te s  the Standard P enetra tion  Resistance o f the 
deposit w ith  i t s  l iq u e fa c t io n  p o te n t ia l.  A g lossary o f terms is  
provided in  Appendix I .
The r e l i a b i l i t y  o f the f i r s t  method has to  be questioned fo r  
a t le a s t two re la te d  reasons. The f i r s t  is  th a t a number o f in v e s t i­
gators (M o ri, 1976) have shown th a t the fa b r ic ,  o r in te rp a r t ic le  
o r ie n ta tio n  o f a sand is  very s e n s it iv e  to  sample d isturbance. The 
la t te r  e x is ts  to  some degree in  a l l  so -ca lle d  undisturbed sampling 
procedures. Secondly, i t  has been shown in  the la b o ra to ry  th a t the 
s u s c e p t ib i l i ty  o f sands to  liq u e fa c tio n  is  d ir e c t ly  dependant on the
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fa b r ic  o f the sample being te s te d . By c re a tin g  samples w ith  repeat- 
ab le , known d iffe re n ce s  in  sand g ra in  long ax is  o r ie n ta t io n , and then 
sub jec ting  them to  c y c l ic  t r ia x ia l  te s t in g , the number o f cycles 
requ ired  to  cause l iq u e fa c t io n  a t a given s tress  le ve l va ried  by as 
much as 100% fo r  samples o f the same sand and d ens ity  ( M u l i l is ,
1975).
The second method, which p re d ic ts  l iq u e fa c t io n  res is tance  
from the re s u lts  o f the Standard P enetra tion  Test, has been shown to  
be q u ite  r e lia b le  in  a number o f study cases (Seed (1976)). However, 
should the sand depos it in  question be loca ted  o ffsh o re , the geo­
tech n ica l engineer f in d s  th a t n e ith e r one o f the c u rre n t ly  a va ila b le  
techniques fo r  assessing liq u e fa c t io n  p o te n tia l is  a t a l l  w e ll adapted 
to  the r ig o rs  o f a marine environment.
In  the ocean, o f course, the p o te n tia l fo r  l iq u e fa c t io n  o f a 
foundation s o il is  everpresent due to  the c y c l ic  nature o f the wave- 
induced loads on the s tru c tu re . In  fa c t ,  i t  was p red ic ted  from 
lab o ra to ry  te s ts ,  th a t even a medium-dense marine sand depos it could 
liq u e fy  when subjected to  the massive loads o f a 100-year North Sea 
design storm (Lee (1975)).
As a re s u lt ,  in  order to  reso lve  the present dilemma one o f 
two approaches can be taken. E ith e r a method fo r  d ir e c t ly  determ ining 
the in  s i tu  l iq u e fa c t io n  res is tance  o f a marine sand depos it could be 
developed; o r the n a tu ra l, t r u ly  undistrubed fa b r ic  o f the sand 
deposit could be determ ined, from in  s i tu  te s ts ,  such th a t t r u ly  
rep resen ta tive  samples could then be reconstructed  in  the la b o ra to ry  
to  an in te rp a r t ic le  arrangement e qu iva len t to  th a t found in  nature.
These la b o ra to ry  samples could then be tes ted  to  determine the d e p o s it 's  
liq u e fa c tio n  c h a ra c te r is t ic s . I t  is  im portan t to  note th a t the
la b o ra to ry -reco n s tru c te d  fa b r ic  need not be id e n t ic a l to  th a t found 
in  s i tu ,  on ly  th a t i t  possess the same dynamic s tre n g th  p ro p e rtie s .
Acoustic Method
The use o f acoustics  was se lected fo r  the basis o f a techn ique, 
which cou ld , a t le a s t in  th eo ry , q u a n tify  the in  s i tu  fa b r ic ,  i f  not 
the res is tance  to  l iq u e fa c t io n , o f a marine sand depos it. Since a 
wealth o f in fo rm a tio n  a lready e x is ts  in  the geophysical community on 
the re la t io n s h ip  o f sediment p ro p e rtie s  to  acoustic  wave transm iss ions, 
i t  was f e l t  th a t an acoustic  s igna tu re  could be developed which was 
se n s itive  to  the fa b r ic  arrangement o f sands, and th a t u lt im a te ly  
th is  acoustic  parameter, o r parameters, could be re la te d  to  l iq u e fa c t io n  
res is tance .
Since such dynamic s treng th  parameters as Shear Modulus and 
Poisson's R atio  fo r  a s o il sample can be ca lcu la te d  d ir e c t ly  from a 
knowledge o f the d e n s ity , compressional wave v e lo c ity  and shear wave 
v e lo c ity ,  a sim ple , r e lia b le  acoustic  te s t  procedure was developed 
th a t perm its de te rm ina tion  o f these parameters in  standard t r i a x ia l ,  
lab o ra to ry  sand samples.
Test Program
The te s t  method i t s e l f  is  a d ir e c t  transm iss ion , pulse technique
_ g
which employs lo w -s tra in  (p robab ly less than 10 Horn (1980)) acoustic  
transducers mounted in  the top and bottom caps o f a standard t r ia x ia l  
sand sample. The transducers used i n i t i a l l y  in  the te s t in g  program 
were capable o f opera ting  in  on ly  the compression mode. E ven tua lly  a 
second se t were designed and b u i l t ,  as p a rt o f the te s t  program, th a t 
were capable o f opera ting  in  both the compression and shear modes.
4Three la b o ra to ry  re co n s tru c tio n  techniques known to  produce 
d if fe re n t ,  but repeatable fa b r ic  arrangements were used to  mold the 
te s t  samples. The techniques se lected had been p re v io u s ly  shown to  
produce s ig n if ic a n t  d iffe re n ce s  in  res is tance  to  l iq u e fa c tio n .
Thus, any d iffe re n ce s  in  the observed acoustic  behavior o f 
the te s t  samples would provide a basis fo r  a fa b r ic -s e n s it iv e  acoustic  
s ignature  th a t could be re la te d  to  liq u e fa c tio n  res is tance .
Results o f the te s t  program have ind ica te d  th a t both the 
compressional and shear wave v e lo c ity  are a ffe c te d  by the fa b r ic  
arrangement o f sand in  a te s t  specimen. That is ,  two samples o f the 
same sand, prepared by d if fe re n t  techniques to  the same d e n s ity , do 
e x h ib it  d if fe re n t  acoustic  behavior. Both the v e lo c ity  and a tte n u a tion  
o f the received acoustic  s igna l were found to  be re la te d  to  sample 
fa b r ic . C yc lic  t r ia x ia l  te s t in g  confirmed th a t there  were a lso 
s ig n if ic a n t  d iffe re n ce s  in  the res is tance  to  liq u e fa c tio n  o f samples 
o f the same sand and d e n s ity , but d if fe re n t  fa b r ic .
F in a lly ,  acoustic  transducers have been developed which are 
capable o f opera ting  in  both the compressional and shear wave modes. 
These devices have been shown to  perform sim ply and re l ia b ly  under a 
number o f c o n tro lle d  sa tu ra tio n  and s tress  co nd itions .
Future Testing
The major re s u lt  o f th is  la b o ra to ry  te s t  program has been the 
development o f an acoustic  technique th a t is  s e n s it iv e  to  the fa b r ic  
arrangment o f a sand. A data base, a lb e it  l im ite d , has been es tab lished  
th a t provides a means o f q u a n tify in g  and re la t in g  by n on-des truc tive  
methods, the fa b r ic  o f sand and i t s  res is tance  to  l iq u e fa c tio n .
5Future work in  th is  area w i l l  inc lude  the fu r th e r  c o lle c t io n  
o f la b o ra to ry  base line  data to  b e tte r  de fine  the re la t io n s h ip s  o f 
fa b r ic ,  res is tance  to  l iq u e fa c t io n  and acoustic  s igna tu re . Once th is  
has been accomplished the  u ltim a te  goal o f developing a f ie ld  technique . 
capable o f a ccu ra te ly  determ in ing the fa b r ic  and/or l iq u e fa c tio n  
res is tance  o f in  s i tu  marine sand deposits can then be brought in to  a 
more c le a r  focus.
CHAPTER I I
LITERATURE REVIEW
The propagation o f sound waves in  marine sediments has been 
studied e x te n s ive ly  by a number o f in v e s tig a to rs . Some examples o f 
the many e x c e lle n t papers are those by Gassman (1951), Hamilton 
(1979), Laughton (1954), Nafe and Drake (1957), S h ir le y  (1975), 
Shumway (1960), U rick  (1974) and S to ll (1974), as w e ll as the re fe r ­
ence te x ts  ed ited  by Hampton (1974) and H i l l  (1963).
Most o f th is  work has been concerned w ith  d e fin in g  the e f fe c t  
o f a number o f va ria b le s  such as p o ro s ity , pressure, tem perature, 
presence o f a i r  bubbles, and frequency on the compressional wave 
speed and a tte n u a tio n  o f acoustic  transm issions. Hamilton (1979) and 
Shumway (1960) have shown th a t compressional wave v e lo c ity  va ries  in  
marine sediments w ith  changes in  temperature and pressure in  nearly  
the same manner as i t  does in  sea water alone. On a re la te d  to p ic  
B e ll and S h ir le y  (1980) re c e n tly  reported  th a t v a r ia t io n s  in  compres­
s ional wave speed caused by changes in  temperature were found to  vary 
as would water alone. They a lso  found the shear wave v e lo c ity  to  be 
independent o f tem perature. R ich a rt, H a ll and Woods (1970) have 
shown th a t the presence o f 0.1 percent a i r  bubbles in  the sample 
should reduce the compressional wave v e lo c ity  by a fa c to r  o f 4. 
Hamilton (1971) has developed a re la t io n s h ip  between the s ta t ic  bu lk  
modulus (re c ip ro c a l o f c o m p re s s ib ility ; see Appendix I )  o f in d iv id u a l 
m ineral g ra ins and the dynamic frame bu lk  modulus, as w e ll as an
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7em pirica l re la t io n s h ip  between th is  modulus, which he equates to  
acoustic r ig id i t y ,  and the p o ro s ity  o f the sample. This work has led 
to , among o the r th in g s , the more accurate in te rp re ta t io n  o f marine 
geophysical surveys.
I t  is  on ly  re c e n tly  th a t the need fo r  s im ila r  s tud ies  using 
shear waves has been recognized as being c r i t i c a l  to  the development 
o f a complete understanding o f the behavior o f marine sediments. 
Hamilton (1979), in  a recent paper, notes the lack o f a v a ila b le  shear 
wave data in  comparison to  the abundant supply o f compressional wave 
in fo rm a tion . B e ll and S h ir le y  (1980) a lso c i te  the need fo r  more 
shear wave v e lo c ity  and a tte n u a tio n  s tud ies .
Geotechnical engineers have a lso  made wave propagation s tud ies . 
Hardin and R icha rt (1963), u t i l iz e d  the resonant column method to  
study e la s t ic  wave v e lo c it ie s  and a tte n u a tion  in  a v a r ie ty  o f s o il 
types, and under a number o f d if fe re n t  te s t  co n d itio n s . They found 
th a t both the compressive and shear wave v e lo c it ie s  va ried  w ith  
approxim ately the 1/4 power o f co n fin in g  pressure fo r  d ry , sa tu ra ted , 
and dra ined sands w ith  l i t t l e  e f fe c t  o f p re -lo a d in g . Hardin and 
Drnevich (1972) u t i l iz e d  the resonant column te s t  to  develop a se t o f 
em p irica l graphs and equations th a t have been used e x te n s ive ly  to  
p re d ic t the shear modulus and damping c h a ra c te r is t ic s  o f a s o il 
deposit subjected to  dynamic loadings.
An extensive l i t e r a tu r e  a lso e x is ts  on the fa c to rs  which 
e f fe c t  the liq u e fa c t io n  res is tance  o f a sa tura ted  sand deposit.
These inc lu d e , as id e n t i f ie d  by Seed (1976), the d e n s ity  o r re la t iv e  
d e n s ity , g ra in  s tru c tu re  o r fa b r ic ,  leng th  o f time since d e p o s itio n , 
p r io r  s tress  h is to ry ,  and the value o f la te ra l ea rth  pressure coe f­
f ic ie n t .
8In  the fo llo w in g  se c tio n , some o f the va ria b le s  which have 
been shown to  a f fe c t  e ith e r  the so -ca lle d  acoustic  r i g id i t y  (de fined  
below), fa b r ic ,  o r the l iq u e fa c t io n  res is tance  o f marine sediments 
are referenced. I t  is  in te re s t in g  to  note th a t those fa c to rs  which 
have been id e n t i f ie d  by the geophysical community as lead ing  to  an 
increase in  the acoustic  r i g id i t y  o f a sediment, are a lso those 
id e n t if ie d  by the geotechnica l engineer as tend ing  to  increase the 
res is tance  to  liq u e fa c t io n  o f a sand depos it.
Acoustic R ig id ity
A term commonly used by the geophysical community to  id e n t i fy  
the dynamic s t if fn e s s  o f a p a r t ic u la r  s p a tia l in te r re la t io n s h ip  o f 
in d iv id u a l s o il g ra ins  is  r ig id i t y .  This ra th e r lo o se ly  de fined , 
all-encompassing term is  used by a number o f researchers as the basic 
d e sc rip to r o f s o il s tru c tu re . Obviously the r i g id i t y ,  from an acoustic  
p o in t o f view, and the fa b r ic  w ith  i t s  associated res is tance  to  
l iq u e fa c t io n , from an engineering p o in t o f view , must be in h e re n tly  
re la te d , since they are in  the f in a l  ana lys is  derived  from the same 
in te rg ra n u la r s tress  con tac t mechanism.
Of those va ria b le s  id e n t i f ie d  by Shumway (1960), r i g id i t y  was 
noted as c o n tr ib u tin g  the most to  the propagation v e lo c ity  o f marine 
sediments. B io t (1962) and S to ll (1977), in  the development o f th e ir  
v is c o e la s tic  models, inc lude  a number o f moduli which cha rac te rize  
the various components o f sample r ig id i t y .  In  genera l, however, 
acoustic  r i g id i t y  has been viewed by the geophysical community as a 
va ria b le  which cannot be accu ra te ly  c o n tro lle d  or p ra c t ic a l ly  determined.
9Nonetheless, a number o f s tu d ies , both q u a n t ita t iv e  and 
q u a lita t iv e  have been made in  the area o f s o il s tru c tu re , which must 
undoubtedly be re la te d  to  acoustic  r ig id i t y .  C o llin s  and McGown 
(1974) stud ied  the form and fu n c tio n  o f m ic ro fa b ric  v a r ia t io n s  in  
na tu ra l s o ils .  Using an e le c tro n  microscope they found l i t t l e  evidence 
o f unique re la t io n s h ip s  between m ic ro fa b ric  fea tu res and depos itiona l 
environment in  what they termed undisturbed samples. T a ira  and 
L ie n e rt (1979) compared the r e l i a b i l i t y  o f various methods o f determ in ing 
the o r ie n ta tio n  o f sedimentary g ra ins . These included magnetic, 
photom etric , and m icroscopic techniques. They found e x c e lle n t c o rre la ­
tio n s  between the re s u lts  o f a l l  th ree  methods.
Nacci and T ay lo r (1968), S h ir le y  and Anderson (1975), F ra n k lin  
and Mattson (1972), and M artin  (1965) have a l l  s tud ied  the in flu ence  
o f s tru c tu re  on compressional wave v e lo c it ie s  in  c lay  s o ils .  In  
genera l, they found s ig n if ic a n t  v a r ia t io n s  in  v e lo c ity  th a t were 
dependent on the d ire c t io n  o f transm ission  in  o rie n te d  c lays . Nacci, 
Wang, and G allagher (1974) s ta ted  th a t i t  was reasonable to  assume 
th a t the re  is  a c o r re la t io n  between streng th  and acoustic  p ro p e rtie s .
B io t (1962), S to ll (1979), and Hamilton (1972) have each 
developed th e o re t ic a l models which p re d ic t the a tte n u a tio n  o f sound 
in  marine sediments. They a l l  found energy losses to  be dependent on 
two d is t in c t  phenomena. The f i r s t  mechanism, by which acoustic  
energy is  lo s t ,  re s u lts  from the in e la s t ic i t y  o f the ske le ta l frame.
The second, is  derived  from the motion o f the pore water re la t iv e  to  
the frame. The m a jo r ity  o f the e f fo r t  in  th is  area has been focused 
on the frequency dependence o f a tte n u a tio n , w ith  l i t t l e  regard fo r  
the method o f sample p repa ra tion  or re s u lt in g  fa b r ic . As a re s u lt ,
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very l i t t l e ,  i f  any, q u a n t ita t iv e  in fo rm a tio n  e x is ts  on the re la t io n ­
ship o f fa b r ic ,  acoustic  r i g id i t y  and a tte n u a tio n .
Hamilton (1972) s ta tes  th a t dynamic r i g id i t y  is  a measure o f
the res is tance  to  shearing fo rces which tend to  move g ra ins . He
reasoned th a t i f  a tte n u a tio n  is  due to  energy lo s t  by f r ic t io n  between 
g ra in s , then r ig id i t y  and a tte n u a tion  should vary because o f the same 
fa c to rs . Some o f the fa c to rs  th a t he c ite d  were g ra in  s ize , shape, 
p o ro s ity , presence o f m o is tu re , and the leve l o f e f fe c t iv e  s tress .
Sand Fabric and Resistance to  L iq ue fa c tio n
Ind e rb itzen  (1975), Hvorslev (1949), Richards (1966), and
Rosfelder and M arshall (1967) have a l l  s tud ied  the causes o f d is tu r ­
bance during  the sampling process. In de rb itze n  (1975) f e l t  th a t i t  
was im possible to  o b ta in  samples o ffsho re  w ith o u t major d isturbance.
Mori (1976) showed th a t  sand fa b r ic s  were extrem ely s e n s it iv e  to  
sample d istu rbance. U n fo rtu n a te ly , from the l i t e r a tu r e ,  i t  appears
th a t the geophysical community is  unaware o f the importance o f th is
sampling d isturbance.
In  fa b r ic  s tud ies  made by M u li l is  (1975), la b o ra to ry  t r ia x ia l  
samples o f the same sand were reconstructed  by d if fe re n t  methods.
This resu lted  in  samples w ith  known and rep roduc ib le  fa b r ic  d iffe re n ce s . 
By comparing these samples a t the same d e n s ity , the number o f cycles 
requ ired  to  cause l iq u e fa c tio n  a t a given s tress  le ve l was found to  
vary by as much as 100%, depending on the sample fa b r ic .
M itc h e ll,  Chatoian and Carpenter (1976) analyzed these same 
fa b r ic s  w ith  the method o f th in  rock sections. Using a s ta t is t ic a l  
approach, they found th a t the predominant long axis o r ie n ta tio n  o f
sand g ra ins va ried  s ig n i f ic a n t ly ,  but repeated ly w ith  the method o f 
sample p repara tion .
Sutton e t a l.  (1957) found th a t compressional wave v e lo c it ie s  
were h ighest in  those sediments which were s low ly  deposited, and in  
those th a t were o ld e r in  geolog ic age. Lee and Focht (1975) showed 
th a t "p re -shaking" a s o il mass a t s tress  le ve ls  considerab ly  below 
th a t requ ired  to  produce fa i lu r e  re su lte d  in  fa b r ic s  w ith  s ig n i f ic a n t ly  
increased res is tance  to  liq u e fa c tio n .
Horn (1980) re c e n tly  reported th a t the transm ission  o f shear 
wave energy in  a sediment is  dependent on the number and types o f 
sedimentary in te rg ra n u la r  con tacts. He a lso  found by con tinuous ly  
m onitoring  a sample during  a liq u e fa c tio n  event, th a t the shear waves 
tem po ra rily  disappeared.
C u rre n tly , on land, re s u lts  o f Standard Penetra tion  Tests 
have provided the most re lia b le  to o l,  to  date , fo r  assessing the 
" liq u e fa c t io n  res is tance " o f p rospective  foundation s ite s  (Seed,
1976). The Standard P enetra tion  Test, however, as w ith  most o ther 
te r r e s t r ia l  s o il e xp lo ra tio n  techniques, is  not e a s ily  adapted to  the 
marine environment. I t  should be noted, however, th a t an em p irica l 
technique does e x is t  fo r  c o rre la t in g  the re s u lts  o f the SPT to  the 
cone penetrometer, which is  used more e a s ily  o ffsho re .
Wave Propagation V e lo c ity  and E la s tic  Moduli
In genera l, the shear s treng th  o f a s o il mass is  c la s s ic a l ly  
known to  depend on the leve l o f in te rg ra n u la r , o r e f fe c t iv e  s tress .
As a consequence, the re la te d  dynamic s tre n th  moduli fo r  th a t s o il 
must be s im ila r ly  dependent. These same m oduli, however, can a lso  be
12
determined from a knowledge o f the propagation v e lo c ity  o f tra n sm itte d  
acoustic energy. Thus, any v a r ia t io n s  in  the leve l o f e f fe c t iv e  
s tre ss , o r o the r fa c to rs  which a f fe c t  the shear s tre n g th , can be 
expected to  produce a corresponding change in  the propagation v e lo c ity  
o f th a t s o i l .
Hardin and R icha rt (1963) found th a t the shear wave v e lo c ity  
o f e la s t ic  waves in  sands va ried  approxim ately w ith  1/4 power o f 
con fin ing  pressure. They a lso reported a decrease in  shear wave 
v e lo c ity  as the m oisture content o f the sample increased from the dry 
con d itio n . In  a d d it io n , th e ir  re s u lts  ind ica te d  th a t on ly  approxim ately 
40% o f the pore f lu id  was moving w ith  the frame, as opposed to  the 
normal assumption th a t the e n tire  mass o f water was invo lved.
Seed and Id r is s  (1970) found th a t the basic parameters a ffe c t in g  
the dynamic shear modulus (Modulus o f R ig id ity )  were mean e ffe c t iv e  
s tre ss , vo id  ra t io  and shear s tra in  amplitude. T he ir e m p ir ic a lly  
derived re la t io n s h ip  has been used to  p re d ic t the behavior o f s o il 
masses subjected to  dynamic loads, such as in  the case o f machine 
foundations and nuclear power p la n ts .
U ltra so n ic  te s t in g  was c a rr ie d  out by Stephenson (1978) to  
determine the dynamic s o il moduli o f a processed s i l t y  c lay . He 
found th a t the te s t  method was capable o f determ ining s o il parameters 
appropria te  fo r  dynamic ana lys is .
A fte r  an extensive  l i t e r a tu r e  review , th is  author has not 
been able to  f in d  any published re s u lts  on the c o r re la t io n  o f dynamic 
shear modulus and res is tance  to  liq u e fa c tio n . The te s t method described 
herein may e ve n tu a lly  provide some in fo rm a tion  on th is  p o te n t ia l ly  
valuable re la t io n s h ip .
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In  summary, a number o f very im portan t s tud ies  have been 
reviewed in  the areas o f sediment a cous tics , sand fa b r ic s  and res is tance  
to  liq u e fa c tio n . To da te , however, the use o f acoustics to  id e n t i fy ,  
and re la te  the fa b r ic  o f a sa tu ra ted  sand to  i t s  res is tance  to  liq u e ­
fa c tio n  has not been reported .
As a re s u lt ,  the te s t in g  program, to  be described in  the 
fo llo w in g  chapters, is  a f i r s t  tim e attem pt a t in te g ra tin g  the a p r io r i 
knowledge o f each o f these study areas in to  one in te g ra te d  te s t  
method. I t  is  be lieved  th a t both the geotechnical and geophysical 
community should b e n e f it  from th is  in v e s t ig a tio n .
CHAPTER I I I
PRELIMINARY INVESTIGATION
At the beginning o f the p ro je c t a number o f p re lim in a ry  te s ts  
were performed. These inc luded te s ts  on the sand to  determine the 
necessary index p ro p e rtie s , c a lib ra t io n  o f the p repa ra tion  techniques 
to  ob ta in  the requ ired  sample d e n s it ie s , and a general f e a s ib i l i t y  
study o f the proposed acoustic  method. The la t t e r  included an in v e s t i­
gation o f the aco us tic  transducers, along w ith  the requ ired  e le c tro n ic  
signal generation and processing equipment.
D escrip tion  o f Test M a te ria l
The sand used in  th is  f e a s ib i l i t y  study was obta ined from a 
loca l aggregate s u p p lie r . The re s u lts  o f the sieve a na lys is  are seen 
in  F igure I I I - l .  The D5Q s ize  (see Appendix I )  o f the na tu ra l depos it 
was 0.31 mm.
As seen in  F igure I I I - l ,  on ly  th a t p o rtio n  o f m a te ria l passing 
the #40 sieve (0.417 mm) and re ta ine d  on the #50 sieve (0.297 mm) was 
used in  re c o n s t itu t in g  the samples. The purpose o f th is  procedure 
was f i r s t  o f a l l  to  remove, as a v a ria b le  in  the te s t  procedure, the 
e f fe c t  o f v a r ia t io n s  in  g ra in  s ize  o f the sample. Secondly, s o rtin g  
the te s t  sand, h e re a fte r re fe rre d  to  as Dover 40-50, re su lte d  in  a 
m a te ria l th a t was very s im ila r  in  s ize  to  the sand used in  many 
previous liq u e fa c t io n  s tu d ies , Monterrey No. 0. And f i n a l l y ,  i t  had 
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sands, such as the Dover 40-50, would be h ig h ly  suscep tib le  to  liq u e ­
fa c tio n .
The minimum and maximum dry de n s ity  (see Appendix I )  o f the 
sorted m ate ria l were found to  be 87.7 and 102.8 lbs . per cubic fo o t,  
re sp e c tive ly . The sand was a predom inantly angu la r, quartz m a te ria l 
w ith  a s p e c if ic  g ra v ity  o f 2.67.
D escrip tion  o f the Methods o f Sample P reparation
For the p re lim in a ry  in v e s t ig a tio n  two methods o f sample 
p repara tion  shown by M u lilu s  (1975) to  re s u lt  in  as la rge  as 100% 
d iffe re n ce  in  l iq u e fa c t io n  res is ta nce , a t the same d e n s ity , were 
used. The fa b r ic s  produced by these methods were a lso  stud ied  by 
M itc h e ll,  Chatoian, and Carpenter (1976). Using the method o f th in  
rock sections they found s ig n i f ic a n t ly  d i f fe re n t ,  bu t repeatable 
d iffe rences  in  the predominant long ax is  o r ie n ta tio n  o r the two sand 
fa b ric s .
The f i r s t  o f these p repara tion  methods was termed p lu v ia l 
compaction through a i r ,  o r dry p lu v ia t io n . I t s  fa b r ic  was found to  
possess a r e la t iv e ly  random o rie n te d  d is t r ib u t io n  o f con tact planes 
(M itc h e ll,  Chatoian and Carpenter, 1976). The procedure, as seen in  
Figure I I 1-2, con s is ts  o f ra in in g  the a ir -d ry  sand from a 1000 ml. 
f la s k , w ith  holed s topper, held in ve rted  over the te s t  mold. The 
f la s k  and stopper can be seen in  F igure I I 1-3.
Three fa c to rs  have been shown to  a f fe c t  the dens ity  produced 
in  th is  manner.
1. The s ize  o f the nozzle opening: fo r  re la t iv e
d e n s itie s  from 45 to  65 percent the nozzle opening
fv
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FIG. 111-3 FLASK AND STOPPERS
used was approxim ately 0.19 inches, and fo r  re la ­
t iv e  d e n s itie s  from 65 to  80 percent the stopper 
opening was decreased to  0.12 inches.
2. The speed o f ro ta t io n : While the sand is  being 
ra ined in to  the sample mold the f la s k  is  being con­
s ta n t ly  moved in  a c ir c u la r  motion. The fa s te r  the 
ra te  o f ro ta t io n  the h igher the re s u lt in g  de ns ity .
With p ra c tic e  i t  was poss ib le  to  reproduce the 
desired dens ity  to  w ith in  approxim ately +2%.
3. The he igh t o f drop: This v a r ia b le  was reported by
M u li l is  (1975) to  have the le a s t e f fe c t  on the 
re s u lt in g  de ns ity . To standard ize the procedure, a 
constant drop o f approxim ately 7" was maintained by 
c o n s ta n tly  a d ju s tin g  the v e r t ic a l p o s it io n  o f the 
f la s k  as the depth o f sand in  the mold increased.
A t the end o f the pouring process the top surface o f the 
sample was leve led  using a small vacuum device th a t deposited the 
removed m ate ria l back in to  the f la s k . This procedure re su lte d  in  a 
sample th a t was approxim ate ly 6 .9  inches high and 2.8 inches in  
diameter.
The second p repa ra tion  method used was termed m oist tamping.
The fa b r ic  study, re fe rre d  to  e a r l ie r ,  found th a t the m oist tamped 
fa b r ic  e xh ib ite d  a much less random o r ie n ta t io n  o f the con tac t p lanes, 
when compared to  th a t produced by the dry p lu v ia t io n  technique. In 
fa c t ,  a p re fe rre d  o r ie n ta t io n  o f the con tac t planes th a t ranged from 
0 to  40° w ith  the h o rizo n ta l was reported fo r  the m oist tamped procedure 
(M itc h e ll,  Chatoian and Carpenter, 1976). In  th is  method the desired
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weight o f m oist sand is  placed in  the te s t  mold in  la y e rs , each la ye r 
being tamped in to  p lace w ith  a s p e c ia lly  designed to o l ,  as seen in  
Figure I I I - 4 .
Since the tamping o f each successive la y e r tends to  fu r th e r  
compact the laye rs  below i t ,  an undercompaction techn ique, as put 
fo r th  by Ladd (1978), was used to  achieve a sample o f uniform  dens ity . 
In th is  procedure the re la t iv e  d ens ity  (see Appendix I )  o f the f i r s t  
la ye r was purposely reduced by 5 percent to  account fo r  the e f fe c t  o f 
fu tu re  compactive e f f o r t  on the layers  placed above i t .  This under­
compaction value was then reduced in  a s tra ig h t  l in e  r a t io  fo r  the 
next la y e r, assuming a seven la ye r system. This process was continued 
such th a t the f in a l  la y e r was placed w ith  an undercompaction value o f 
zero.
The procedure i t s e l f  consisted o f f i r s t  f i l l i n g  a beaker w ith  
carbon d io x id e , adding the desired w eight o f a i r  dry s o i l ,  and then 
adding enough water so as to  produce a m oisture content o f 8 percent. 
The sand, carbon d io x id e , and water were then thorough ly  mixed, 
poured in to  the te s t  mold, and the surface rough ly leve led .
The m a te ria l is  then compacted using the tamping to o l ,  moving 
around the surface o f the sand in  a c ir c u la r  motion. Tamping proceeds 
u n t i l  the desired  h e ig h t, and consequently re la t iv e  d e n s ity , o f the 
la ye r is  achieved. This he igh t is  p re -se t using the lock in g  c o l la r  
on the to o l 's  s h a ft. The tamping fo o t was 1 .4" in  d iam eter, or 
approxim ately 1/2 the diam eter o f the te s t  mold.
The compacted surface o f each la y e r, except the la s t  one, was 
then s c a r if ie d  to  a depth o f approxim ately 1 /4" and the remaining 
p o rtio n  o f the mold r e f i l l e d  w ith  carbon d io x id e , p r io r  to  adding the
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next la ye r. The desired  w eight o f m a te ria l fo r  the next la ye r was 
then weighed o u t, moistened, mixed and added to  the mold. The lock ing  
c o lla r  was repos ition ed  fo r  the next he igh t o f drop and the sample 
tamped in to  p lace. In  th is  manner, a sample approxim ately 6.9 inches 
in  he igh t and 2.8 inches in  diam eter was prepared.
A th i r d  method o f sample p repara tion  was used in  Test Series
I I .  A d e s c rip tio n  o f th a t procedure w i l l  be reserved u n t i l  Chapter 
V, where the purpose fo r  th is  technique w i l l  be more c le a r ly  understood.
D escrip tion  o f the T esting  Equipment
The basic components o f the te s t  apparatus used in  a l l  o f the 
te s ts  performed in  th is  in v e s t ig a tio n  inc luded a s l ig h t ly  m odified  
version o f the standard t r ia x ia l  c e l l ,  acoustic  transducers incorporated  
in to  the base and top cap o f the specimen, a s igna l source and an 
osc illoscope . F igure I I 1-5 is  a schematic rep resen ta tion  o f the te s t  
apparatus. For the p re lim in a ry  te s ts  an R-283E, p ie z o e le c tr ic  acoustic  
transducer, manufactured by Massa Products C orpora tion , was used.
The techn ica l s p e c if ic a tio n s  o f these compressional wave transducers 
are included in  Appendix I I .
Two id e n tic a l p a irs  o f transducers were a c tu a lly  employed in  
the "p itc h -c a tc h "  c o n fig u ra tio n  o f tra n s m itte r  and re ce ive r. One 
p a ir  was used w ith  the s o il sample, w h ile  the second p a ir  was used in  
a water standard column fo r  comparison and c a lib ra t io n  purposes. The 
p a ir  used w ith  the s o il were permanently po tted  in to  the lu c ite  
specimen caps w ith  a r ig id  s e tt in g  epoxy re s in  as seen in  Figure 
I I I - 6 .
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The s igna l source used throughout the e n t ire  te s t in g  program 
was an Exact Model 506 Sweep/Function genera to r, as seen in  Figure 
I I 1-7. The specia l fe a tu re  o f th is  component was i t s  a b i l i t y  to
burst a s ig n a l, a t the desired  frequency, o f a pre-determ ined number
o f sine wave cycles.
The o sc illo scope  used in  the p re lim in a ry  in v e s t ig a tio n  was a 
dual tra ce  T ek tron ix  Model #535, as seen in  F igure I I 1-8. I t  was 
equipped w ith  a P o la ro id  camera attachment fo r  photographing and 
record ing s igna l tra ce s . A b lack and w h ite  p o s it iv e /n e g a tiv e  type 
f i lm  was used in  the camera so th a t enlargements o f the o r ig in a l 
photographs could be made. The enlarged photos were e ve n tu a lly  
h a n d -d ig itize d , from which data f i l e s  were created fo r  fu tu re  s igna l 
ana lys is  and processing on the UNH computer.
D escrip tion  o f the Test Procedure
The very f i r s t  te s t  procedure used in  the p re lim in a ry  in v e s t i­
gation  was ra th e r crude in  i t s  design, but i t  d id  achieve i t s  intended
purpose. The R-283E transducers were placed in  a con ta ine r w ith  
th e ir  long ax is  h o rizo n ta l and th e ir  ra d ia tin g  surfaces fa c in g  each 
o ther. The con ta ine r was approxim ate ly 12" w ide, by 18" long, by 10" 
deep. The transducers were embedded in  the te s t  sand, which had been 
randomly poured in to  the co n ta in e r, to  a depth o f approxim ate ly 6 ", 
and then sa tura ted  by adding water such th a t the top o f the sand was 
approxim ately 2" below the surface o f the water.
One o f the transducers was connected to  the s igna l generator 
and the o the r to  the o sc illo sco p e . A sine wave o f approxim te ly 225 
KHZ was then tra n sm itte d  in to  the s o il/w a te r  m ixtu re  from one o f the
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FIG. 111-7 SIGNAL GENERATOR AND DIGITAL OSCILLOSCOPE
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transducers. Although accurate acoustic  measurements could not be 
made, a very s tab le  s igna l was being received a t the o the r transducer. 
Based on th is  re s u lt  i t  was decided to  in v e s tig a te  the use o f the 
R-283E transducers under more c o n tro lle d  co n d itio n s .
Before the actua l acoustic  te s t in g  could proceed the standard 
index p rope rty  te s ts  were performed on the te s t  sand. These included 
a sieve a n a lys is , maximum and minimum dry d e n s ity , and s p e c if ic  
g ra v ity . In  a d d it io n , as noted in  the d iscussion  o f the m a te r ia l, 
only th a t p o rtio n  passing the number 40 screen and re ta ined  on the 
number 50 was used in  the p repara tion  o f te s t  samples.
A se ries  o f te s ts  had to  a lso be performed to  c a lib ra te  the 
dry p lu v ia t io n  sample p repara tion  technique. Nozzle openings and 
rates o f ro ta tio n  were va ried  u n t i l  the desired d e ns ity  could be 
achieved w ith in  a reasonable range o f v a r ia t io n .
Once the above in fo rm a tion  had been obtained a p re lim in a ry  
series o f acoustic  te s ts  were undertaken. T r ia x ia l samples f i r s t  had 
to  be constructed  by one o f the two p re v io u s ly  discussed p repara tion  
techniques. The re la t iv e  dens ity  was allowed to  range in  th is  se ries  
o f te s ts  from 40% to  70%.
A fte r  a sample had been constructed to  the desired h e ig h t, 
the top cap was placed on the sample such th a t the face o f the R-283E 
was in  con tact w ith  the upper surface o f the sand. An encapsulating 
rubber membrane (th ickness  -  0.012 inches), which had been a ff ix e d  to  
the base o f the t r ia x ia l  c e l l ,  and held by vacuum aga inst the in s id e  
o f the sample mold during  the sample c o n s tru c tio n , was ro lle d  up 
around the top cap and sealed aga inst the side o f the lu c ite  r in g  
w ith  two or th ree  o -r in g s .
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A vacuum was then app lied  to  the sample such th a t the mold, 
which was a c tu a lly  2 s p l i t  halves, could be removed. Next the dimensions 
o f the sample were ob ta ined, so th a t the re la t iv e  de ns ity  could be 
determined.
To accomplish th is  a gauge reading was f i r s t  recorded, and 
compared w ith  an i n i t i a l  reading taken on 7.000" gauge b lock , as seen 
in  Figure I I 1-9. A comparison o f the two readings th e o re t ic a l ly  
perm its de term ination  o f the he igh t o f the sample to  0.001". The 
diameter o f the sample was obtained w ith  a c irc u m fe re n tia l measuring 
tape (P i-Tape) by averaging these measurements along the he igh t o f 
the sample. The sample diam eter was a lso  measured to  the nearest 
0 . 001".
The weight o f the sand in  the sample was found as the d iffe re n c e  
in  the weight o f the f la s k  before and a f te r  co n s tru c tin g  the sample.
Once the volume and w eight were known the dry d e n s ity , and re la t iv e  
density  o f the sample could be ca lcu la te d . I t  was f e l t  th a t the 
density  determined in  th is  manner was accurate to  the nearest 0.1 
pound per cubic fo o t.
The next step in  the te s t  procedure was to  assemble the 
t r ia x ia l  chamber. Extreme care was taken here to  minimize the v ib ra ­
tio n s  to  which the sample was subjected. Once the c e ll had been 
assembled and f i l l e d  w ith  deaired water ( to  a constant he igh t fo r  a l l  
te s ts )  confinement o f the sample was changed from in te rn a l vacuum, to  
an externa l pressure on the c e ll water. The co n tro l board, seen in  
Figure 111-10 was used throughout the te s t  program to  co n tro l flows 
in  and out o f the t r ia x ia l  chamber and sample, seen in  Figure I I I - l l .
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FIG. 111-9 INITIAL HEIGHT MEASUREMENT USING GAUGE BLOCK
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FIG. I I I - IO  TRIAXIAL CHAMBER FLOW CONTROL BOARD
32
FIG. I I I - l l  SAMPLE IN TRIAXIAL CHAMBER
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Carbon d io x id e  was then pe rco la ted  through the sample fo r  
approximately 15 m inutes, shut o f f  fo r  5 minutes and then s ta rte d  
again fo r  10 minutes. The reason fo r  t r y in g  to  have carbon d iox ide  
in  the vo id space in  the sample ra th e r than a i r ,  whenever p o ss ib le , 
is  th a t the carbon d iox ide  is  some 10 times more e a s ily  compressed 
in to  s o lu t io n  w ith  water than is  a ir .  Thus, la te r  on in  the procedure, 
when the f in a l  s a tu ra tio n  process is  undertaken any remaining gas in  
the voids w i l l  be carbon d io x id e , and th e re fo re  more e a s ily  fo rced 
in to  s o lu tio n .
Next, deaired water was allowed to  flo w  in to  the sample. I t  
was found la te r  in  the  te s t  program th a t th is  p a r t o f the procedure 
is  very c r i t i c a l  to  o b ta in in g  a high degree o f sa tu ra tio n  in  the 
sample. The process must be c a rr ie d  out a t a very slow ra te  o f flo w , 
and fo r  a s ig n if ic a n t  pe riod  o f tim e , p a r t ic u la r ly  a t the h igher 
de ns itie s . I t  was f e l t  th a t a minimum o f 8 hours was requ ired  in  
many cases in  o rder to  be sure th a t a l l  o f the gas in  the sample had 
been replaced w ith  water.
Once a s u f f ic ie n t  amount o f deaired water had been flushed 
through the sample, the next major step in  the sa tu ra tio n  procedure 
was to  apply an in te rn a l,  o r back pressure (see Appendix I )  to  the 
pore water o f the sample. The purpose o f th is  was to  fo rce  any 
remaining gas in  the sample in to  s o lu t io n  in  the pore water as discussed 
above, thereby causing a l l  o f the sample voids to  be com plete ly 
f i l l e d  w ith  water.
To apply th is  back pressure the sample was f i r s t  connected to  
a volume change device designed by Chan and Duncan (1966). This 
apparatus, seen in  F igure I I I - 12, inc ludes a pore water pressure
IFIG. 111-12 B-VALUE MEASUREMENT DEVICE
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transducer and a se ries  o f valves th a t perm its one to  apply and 
measure, in  a d d itio n  to  volume change, the chamber pressure and pore 
water pressure w ith  the same transducer. This perm its very accurate 
determ ination o f the B-value (see Appendix I )  o f the sample, which is  
a measure o f the degree o f s a tu ra tio n  o f the te s t  sample.
A back pressure o f 40 psi ( a l l  values reported are gauge 
pressure) was used throughout the e n tire  te s t in g  program in  combination 
w ith  a co n fin in g  pressure o f 50 psi on the chamber. This re su lted  in  
an e ffe c t iv e  s tress  o f 10 psi on the sample. This back pressure was 
applied fo r  approxim ate ly one hour fo r  the p re lim in a ry  se ries  o f 
te s ts .
A t the end o f th is  tim e period the B-value o f the sample was 
checked, and i f  found to  be s a t is fa c to ry , the acoustic  s igna tu re  o f 
the sample could then be determined. E ven tua lly  th is  procedure was 
reversed, as the a b i l i t y  o f the compressional wave to  be tra n sm itte d  
through the sample became a non-des truc tive  in d ic a to r  o f whether the 
back p ressuring  process had been ca rr ie d  out fo r  a s u f f ic ie n t  pe riod  
o f tim e. This w i l l  be discussed in  g rea te r d e ta il in  Chapter V II .
To ob ta in  the acoustic  s igna tu re  o f a given sample the top 
transducer was f i r s t  connected to  the s igna l source to  ac t as a 
tra n s m itte r . The lead f c r  th is  transducer had been brought out o f 
the base o f the chamber through a hole th a t had been d r i l le d  fo r  th is  
purpose. The lead was sealed in to  the base w ith  a r ig id  s e tt in g  
epoxy.
A gated sine wave o f 5 cycles w ith  a frequency o f approxim ately 
236 KHZ was then tra n sm itte d  in to  the sample from the s igna l generator. 
The transducer mounted in  the base cap o f the sample received the
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incoming s igna l a f te r  a period  o f time had elapsed th a t represented 
the t im e - o f - f l ig h t  o f the acoustic  wave in  the te s t  sample. The two 
s igna ls were then recorded on f i lm  w ith  the P o laro id  camera attached 
to  the o sc illo scope . F igure I I I - 13 shows a ty p ic a l tra n sm itte d  and 
received pulse re p lic a .
Once the acoustic  p o rtio n  o f the te s t  had been completed the 
sample was e ith e r  a llowed to  conso lida te  fo r  fu tu re  te s t in g , o r the 
pressures were reduced and the sample removed from the chamber.
Results o f Tests
The re s u lts  o f the p re lim in a ry  se ries  o f twenty f iv e  te s ts  
were fo r  the most p a r t q u a li ta t iv e  in  nature. However, a value o f 
approximately 1600 m/sec was determined fo r  the compressional wave 
v e lo c ity  in  the sa tura ted  samples. Since the a b i l i t y  to  measure 
t im e - o f - f l ig h t  was ra th e r l im ite d  w ith  the T e k tron ix  o sc illo sco p e , 
a l l  samples tes ted  in  th is  group were recorded as having a s im ila r  
v e lo c ity . I t  was f e l t  th a t as the dens ity  increased the v e lo c ity  
increased, but th is  could not be supported by actua l measurements.
A check on the compressional wave v e lo c ity  in  a column o f 
deaired water o f dimensions s im ila r  to  th a t o f the te s t  sample resu lted  
in  a v e lo c ity  o f approxim ate ly 1500 m/sec. This value was in  agreement 
w ith  the g e ne ra lly  reported  compressional wave v e lo c ity  o f sea w ater, 
and provided an encouraging check on the basic measurement technique. 
This procedure w i l l  be discussed in  g rea te r d e ta il in  the next chapter.
The remaining re s u lts  o f the p re lim a ry  se ries  o f te s ts  ind ica te d  
th a t there  appeared to  be a re la t io n s h ip  between the shape o f the 
envelope o f the received s igna l and the method o f sample p repa ra tio n ,
FIG. 111-13 TYPICAL TRANSMITTED AND RECEIVED PULSE REPLICAS
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as seen in  Figure I I I - 14. The m oist tamped samples appeared to  be 
more symmetric about a ce n tra l v e r t ic a l a x is , w h ile  the dry p lu v ia te d  
fa b r ic  appeared to  reach a maximum value o f s igna l s tre ng th  more 
q u ic k ly , and then decay fo r  a longer period  o f tim e.
There were a lso  d iffe re n ce s  observed in  the maximum peak-to-peak 
s treng th  o f the rece ived s ig n a l, o r a lte rn a t iv e ly  the a tte n u a tio n , 
which seemed to  vary w ith  the method o f p repa ra tion  and the sample 
dens ity . In  most cases i t  appeared th a t the a tte n u a tio n  decreased as 
sample de ns ity  increased.
Perhaps the most im portan t re s u lt  o f these e a r ly  te s ts  was 
the in fo rm a tion  learned about the  re la t io n s h ip  o f sample s a tu ra tio n  
and signa l a tte n u a tio n . Below a B-value o f approxim ately 0.85 a 
received s igna l could not be detected a t even the most s e n s it iv e  
scale on the o sc illo sco p e . For la rg e r B-values as the percent sa tu ra ­
t io n  o f a l l  samples increased the a tte n u a tion  decreased. As a re s u lt ,  
a B-value o f 0.93 was adopted as a minimum acceptable le ve l in  these 
e a rly  te s ts . As te s t in g  proceeded, and the a b i l i t y  to  sa tu ra te  te s t  
samples improved, th is  value was increased. In  a d d it io n , i t  was f e l t  
th a t the a tte n u a tio n  o f the acoustic  wave was a lso  re la te d  to  the 
leve l o f e f fe c t iv e  s tress  in  the sample, w ith  inc reas ing  e f fe c t iv e  
stress re s u lt in g  in  decreased a tte n u a tion .
Some f in a l  observations included the s trong dependence o f 
a ttenua tion  on s igna l frequency, the re la t iv e  in s e n s i t iv i t y  o f v e lo c ity  
to  changes in  frequency, and the seeming lack  o f dependence o f e ith e r  
on tem perature, a lthough the la t t e r  was not va rie d  by more than a few 
degrees cen tigrade . I t  should be noted th a t the acoustic  s igna ls  
were very s tab le  in  tim e , and th a t measurements could be repeated a t
a) DRY PLUVIATED
b) MOIST TAMPED 
FIG. I 11-14 SHAPE OF RECEIVED SIGNAL ENVELOPE
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many hours o f separa tion , so long as no gross d iffe re n ce s  in  the te s t  
environment e x is ted .
Discussion
4
From the p re lim in a ry  se ries  o f te s ts , the proposed acoustic  
method seemed a t the very le a s t,  fe a s ib le . The R-283E transducers 
behaved as expected, the e le c tro n ic  components provided s ta b le , 
r e la t iv e ly  accurate tim e measurements w ith in  th e ir  design l im ita t io n s ,  
and te s t  samples o f known d ens ity  and fa b r ic  had been construc ted , 
sa tu ra ted , and tes ted  a t known le ve ls  o f e f fe c t iv e  s tress .
Improvements in  the measurement o f t im e - o f - f l ig h t ,  s igna l 
a tte n u a tion , and temperature were needed to  make a more q u a n tita t iv e  
ana lys is , however. W hile in v e s tig a tio n s  were being c a rr ie d  out to  
determine the best approach to  so lv in g  these ins trum en ta tion  problems, 
a se ries  o f te s ts  were run to  v e r ify  the v a l id i t y  o f the acoustic  
te s t procedure, and fu r th e r  add to  the somewhat l im ite d  data base. 
These w i l l  be discussed in  the fo llo w in g  chapter.
CHAPTER IV
TEST SERIES I
Before con tinu ing  w ith  the te s t  procedure as o u tlin e d  in  the 
previous chapter, a number o f te s ts  were performed to  id e n t i fy  what, 
i f  any, e f fe c t  the components o f the te s t  apparatus such as the 
t r ia x ia l  chamber, c e l l  w ater, and rubber membrane were having on the 
acoustic transm issions in  the te s t  samples. These o ther p o te n tia l 
tra ve l o r m u ltipa th s  were is o la te d  sys te m a tica lly  in  order to  determine 
whether they were c o n tr ib u tin g  to  the received s ig n a l. So long as 
they d id  not in te r fe re  w ith  the d ire c t  a r r iv a l th e ir  e f fe c t  could be 
ignored.
In  a d d it io n , another se ries  o f te s ts  were performed ju s t  as 
in  the previous chapter. The received s igna ls  from these te s ts  were 
analyzed using an e x is t in g  s igna l processing software package made 
a va ila b le  by the Earth Sciences Department a t the U n iv e rs ity  o f New 
Hampshire. This provided a q u a n tita t iv e  d e s c rip tio n  o f the a tte n u a tion  
c h a ra c te r is tic s  o f the two methods o f sample p repara tion .
D escrip tion  and Results o f Tests Performed to  Determine the Acoustic 
Response o f the Test Apparatus
In  an e f f o r t  to  determine whether "m u lti-p a th "  e ffe c ts  were 
c o n tr ib u tin g  to  the acoustic  response o f the te s t  samples a se ries  o f 
te s ts  were c a rr ie d  ou t to  determine the opera ting  c h a ra c te r is t ic s  o f 
the te s t  apparatus.
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The f i r s t  se rie s  o f these were performed by p la c in g  the 
R-283E transducers in  close p ro x im ity  to  each o the r separated on ly  by 
th in  film s  o f l ig h t  grease, deaired w ater, and common dishwashing 
l iq u id .  The re s u lt ,  in  a l l  cases, was a very tim e s tab le  acoustic  
s igna tu re , which d id  not change from day to  day. The on ly  v a r ia t io n  
was seen when hand pressure was app lied  to  the transducers, thereby 
changing the th ickness o f the th in  f i lm ,  and consequently the transducer 
separation.
The acoustic  response o f th is  c o n fig u ra tio n , w ith  deaired 
w ater, as the coup ling  medium was adopted as the so -ca lle d  "system 
response". This procedure was used to  check the s t a b i l i t y  o f the 
e le c tro n ic  components a t the s ta r t  and f in is h  o f a l l  te s ts  in  th is  
se ries. No changes in  the system response were found in  any o f the 
te s ts  o f th is  s e r ie s , o r fo r  th a t m atte r throughout the te s tin g  
program.
The next se ries  o f te s ts  were run to  determine the acoustic  
response o f the rubber membrane used to  encapsulate the sample and 
separate i t  from the c e ll  f lu id .  The membrane was f i r s t  attached to  
the two end caps using the 0 -r in g s  as in  the previous chapter. I t  
was then f i l l e d  w ith  CO2 such th a t the two R-283E transducers were 
separated by a gas sample s im ila r  in  dimensions to  the sand specimens. 
The top transducer was supported by a tta ch in g  the lead to  a r in g  
stand. A s igna l could not be detected a t the re ce ive r in  th is  manner.
The membrane was then f i l l e d  w ith  deaired water. The response 
was a tim e-delayed s igna l which was very s im ila r  in  frequency content 
to  the co n tro l water column used in  the s o il sample te s t in g  procedure.
A possib le  e f fe c t  o f the membrane was seen as a very small " r in g in g "  
long a f te r  the d ire c t  transm ission  was received.
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The f in a l  se ries  o f te s ts  were designed to  analyze the e f fe c t  
o f the p le x ig la s s  t r ia x ia l  chamber i t s e l f .  W ith the membrane f i l l e d  
w ith  deaired w ater, the chamber was pu t in  p lace. No change in  the 
signal was observed. The chamber was then f i l l e d  w ith  deaired w ater, 
surrounding the membrane as in  the s o il te s ts . A very small am plitude 
"s ig n a l"  was observed between the end o f the tra n sm itte d  s igna l and 
the a r r iv a l o f the d ire c t  transm iss ion . This re s u lt  was thought to  
be an a r t i f a c t  o f th is  specia l te s t  program since noth ing s im ila r  was 
observed in  the normal te s t in g  procedure.
As a re s u lt  o f these te s ts  i t  was concluded th a t m u lt i-p a th  
e ffe c ts  were not c o n tr ib u tin g  in  any s ig n if ic a n t  manner to  the acoustic  
response o f the te s t  samples.
D escrip tion  o f the T esting  Equipment
The on ly a d d itio n  to  the te s t  apparatus described in  Chapter 
I I I  was a frame used to  support the p re v io u s ly  mentioned water column 
standard. This device provided a time in v a r ia n t medium in  which the 
v e lo c ity  and a tte n u a tio n  o f the compressional wave should be e s s e n t ia lly  
constant.
As seen in  F igure IV -1 the frame b a s ic a lly  consisted o f a 
metal base p la te , support p la tfo rm  and a d jus tab le  top p la te . A 
lu c ite  c y lin d e r w ith  the same dimensions as the t r ia x ia l  te s t  sample 
was placed on the support p la tfo rm , and f i l l e d  w ith  deaired water a t 
the s ta r t  o f each te s t .  A p a ir  o f R-283E transducers, id e n tic a l to  
those used in  the t r ia x ia l  chamber, were mounted a t the two ends o f 
the c y lin d e r. The bottom one was epoxied in to  the lu c ite  c y lin d e r , 
w hile  the top one was fre e  to  be pos itio ned  a t the same separation 
from i t s  re ce ive r as in  the te s t  sand.
FIG. IV-1 WATER COLUMN STANDARD FRAME
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D escrip tion  o f the Test Procedure
Samples in  th is  te s t  se ries  were prepared by the two methods
o f sample p re pa ra tio n , dry p lu v ia t io n  and m oist tamping, as described 
in  Chapter I I I .  The samples ranged in  r e la t iv e  d ens ity  from 45% to  
65%.
A t the s ta r t  o f each te s t  in  th is  se ries  the system response 
was recorded w ith  a p o s it iv e /n e g a tiv e  type P o laro id  f i lm .  As described 
above, th is  acoustic  record was obta ined by p la c in g  the two transducers 
in  d ire c t  con tact w ith  each o the r using deaired water as the coup ling  
agent. This procedure was termed p re -c a lib ra t io n . These same transducers 
were then used to  determine the acoustic  s igna tu re  o f the  s o il sample.
At the end o f each te s t ,  a p o s t-c a lib ra t io n  s igna l was a lso  recorded 
fo r  the same system response procedure. None o f the s e tt in g s  on the
signal generator o r o sc illo scop e  were changed during  the te s t  procedure,
except fo r  changes in  sca le. In  th is  manner i t  was be lieved  th a t any 
in s t a b i l i t y ,  o r changes in  the performance o f the acoustic  system, 
would be detected.
A fu r th e r  means o f in su rin g  th a t the acoustic  system was 
perform ing p ro p e rly  a s igna l from the water column standard was a lso 
recorded on f i lm ,  immediately a f te r  each s o il sample was te s ted .
Results o f the Test
For a l l  samples tes ted  in  th is  se r ie s , and in  fa c t  fo r  a l l  
te s ts  using the R-283E transducers, the p re -c a lib ra t io n  and pos t­
c a lib ra t io n  s igna ls  were id e n tic a l fo r  a given sample, and from day 
to  day. F igure IV-2 represents a ty p ic a l system response. The top 
signal is  the in p u t a t a scale o f 10 vo lts /cm , and the bottom is  the 
received a t a scale o f 1 vo lt/cm .
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FIG. IV-2 SYSTEM RESPONSE REPLICA
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Results o f the  water column standard revealed a v e lo c ity  in  
a l l  te s ts  o f approxim ate ly 1500 m/sec fo r  the deaired water. The 
temperature o f the w ate r, which represented room tem perature, ranged 
from 23°C to  29°C. In  F igure IV -3 , a ty p ic a l water column tra c e , the 
top s igna l as in  a l l  photos, is  the in p u t a t 10 vo lts /cm  and the 
bottom is  the received a t 1 vo lt/cm . The tim e scale was 0.2 m illiseco n d  
per centim eter w ith  a sweep m a g n ifica tio n  o f times 10. By determ ining 
the number o f u n its  along the tim e ax is  (approxim ate ly 5.6 fo r  Figure
IV-3) between the s ta r t  o f the in p u t and the s ta r t  o f the received 
pu lse, and by knowing the separation o f the transducers the v e lo c ity  
can be ca lcu la te d  to  w ith in  +20 m/sec.
In  an attem pt to  ob ta in  more accurate, q u a n tita t iv e  in fo rm a tion  
on the e f fe c t  sample fa b r ic  m ight be having on the acoustic  transm issions 
o f th is  te s t  se r ie s , the energy content o f the s igna ls  was a lso 
inves tiga ted .
To make use o f an e x is t in g  UNH Earth Science s igna l processing 
software package, the analogue traces o f the P o laro id  photos had to  
be f i r s t  converted to  a d ig i ta l  record. As mentioned in  Chapter I I I ,  
a p o s it iv e /n e g a tiv e  type f i lm  was being used to  record the osc illo scop e  
trace . From the negative p o rtio n  o f the f i lm ,  enlargements to  a 11" 
x 14" form at were obtained.
A d ig i ta l  record o f the tra ce  in  question was then created 
from the enlarged photos by hand measurement. The values o f each 
peak and v a lle y  were scaled from a l in e  drawn h o r iz o n ta lly  through 
the apparent center o f the s ig n a l.
Once th is  d ig i ta l  in fo rm a tio n  had been obtained i t  was combined, 
through one o f the softw are ro u tin e s , w ith  a knowledge o f the d r iv in g
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FIG. IV -3 TYPICAL WATER COLUMN TRACE
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frequency o f the acoustic  system to  produce a data f i l e  fo r  each 
trace .
Each data f i l e  was f i r s t  v e r if ie d  by p lo t t in g  back the d ig i ta l  
record to  see i f  i t  matched the analogue s ig n a l. F igure IV -4 is  a 
ty p ic a l computer p lo t te d  re p lic a  o f the photographed tra ce . I f  any 
co rrec tio n s  in  the data f i l e  were needed, the changes were made.
Once the data f i l e  had been v e r i f ie d ,  the Fast F ou rie r Transform 
was ca lcu la te d  using the  SPECTR ro u tin e  from the above referenced 
software package. The cospectrum o f the transform ed se ries  was next 
computed to  determine the d is t r ib u t io n  o f energy de n s ity  w ith  frequency. 
Since th is  energy de ns ity  can be re la te d  to  the am plitude and acoustic  
power o f the in p u t s ig n a l, the maximum values o f th is  computed fu n c tio n  
were termed the "Peak Power" o f the acoustic  pulse.
Table I is  a summary o f the re s u lts  o f th is  e f f o r t  fo r  the 
f i f te e n  te s t  samples o f th is  se rie s . A sample computer p lo t  comparing 
the peak power values o f a ty p ic a l p re -c a lib ra t io n  tra c e , a dry 
p lu v ia te d  a lso  termed poured sample, and a m oist tamped sample are 
shown in  Figure IV -5 .
From the te s t  re s u lts  o f Table I ,  F igure IV - 6  was prepared 
showing the ca lcu la te d  peak power values o f the samples o f th is  te s t  
series p lo tte d  aga ins t re la t iv e  dens ity . As can be seen in  the 
f ig u re , fo r  a given re la t iv e  d e ns ity  the maximum power tra n sm itte d  by 
the poured fa b r ic  was s ig n i f ic a n t ly  la rg e r  than the m oist tamped. 
A lte rn a te ly , the m oist tamped fa b r ic  e xh ib ite d  a la rg e r s igna l a tte n ­
uation than d id  the poured technique, when samples w ith  the same 
re la t iv e  d ens ity  were compared. I t  can a lso  be seen, th a t as the 
re la t iv e  dens ity  increased, fo r  e ith e r  p repa ra tion  technique, the 
peak power value a lso  tended to  increase.
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(X v o ,ts 2 ) 
MHZ
#25 pre- 
c a lib ra te
- - - - 280.8
#25 pre­
c a lib ra te
- - - - 283.2
#25 Poured 45.9 .94 23° 6.37
#26 Tamped 49.9 .94 23° 4.35
#29 Poured 63.2 .94 29° 6.24
#30 Poured 49.8 .97
000CSJ 6.42
#31 Poured 57.8 .98 26° 5.74
#32 Poured 53.0 .96 26° 6.63
#33 Poured 56.3 .96 26° 7.62
#34 Tamped 65.9 .96 27° 5.25
#35 Tamped 52.1 .96 28° 4.08
#36 Tamped 52.1 .96 29° 4.10
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The s c a tte r  seen in  the re s u lts  o f the poured technique were 
f e l t  to  be the re s u lt  o f the in h e re n tly  more random nature o f th is  
p repara tion  technique as compared to  the m oist tamped. This tendency 
was seen throughout the e n t ire  te s t in g  program.
Discussion
By apply ing a simple "Rank Test" i t  was determined th a t there  
was less than one chance in  250 th a t the  observed o rdering  was due to  
a random process. Thus, i t  was concluded th a t the re  were s ig n if ic a n t  
d iffe re nce s  in  the a tte n u a tio n  c h a ra c te r is t ic s  o f the compressional 
wave fo r  the two sample p repa ra tion  techniues used in  th is  te s t  
se ries .
In  an attem pt to  exp la in  why the m oist tamped fa b r ic  was 
e x h ib it in g  these la rg e r values o f a tte n u a tion  i t  was f i r s t  noted th a t 
M u li l is  (1975) found the m oist tamped fa b r ic  to  be more dynam ically 
r ig id  than the poured, in  terms o f i t s  res is tance  to  l iq u e fa c tio n . A 
more r ig id  fa b r ic  must be the re s u lt  o f an increase in  the number and 
area o f in te rp a r t ic le  co n tac ts , o r in  o ther words, an increased area 
o f f r ic t io n a l  re s is ta n ce , a l l  o the r th ings  being equal.
I t  is  th is  increased f r ic t io n a l  res is tance  o f a p a r t ic u la r  
fa b r ic  which must a lso  lead to  an increase in  the energy d is s ip a tio n  
or a ttenu a tion  o f a tra n sm itte d  acoustic  s ig n a l. Consequently, one 
would expect, th a t a more dynam ica lly r ig id  fa b r ic  such as the m oist 
tamped, would e x h ib it  a g re a te r a tte n u a tion  than the less r ig id ,  
poured technique. This l in e  o f reasoning assumes the dominant cause 
o f wave-energy damping in  the sa tura ted  sand to  be the re s u lt  o f 
in te rg ra in  f r ic t io n  and not viscous losses due to  re la t iv e  motion o f
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the pore f lu id  w ith  respect to  the frame. Hamilton (1972) used a 
s im ila r  approach in  e xp la in in g  the e f fe c t  o f mean g ra in  s ize  on 
dynamic r i g id i t y  and re la te d  s igna l a tte n u a tion .
A lthough the re s u lts  o f Test Series I in d ica te d  th a t compres­
s ional wave a tte n u a tio n  and the associated te s t  method provided a 
re lia b le  acoustic  in d ic a to r  o f fa b r ic ,  i t  was f e l t  th a t the v e lo c ity  
p o rtio n  o f the acoustic  s igna tu re  would be even more s e n s it iv e  to  
these d iffe re n ce s . In  o rder to  ob ta in  the necessary t im e - o f - f l ig h t  
in fo rm a tio n , however, c e r ta in  changes in  the te s t  equipment and 
procedure had to  be made before te s t in g  could proceed. These w i l l  be 
discussed in  d e ta il in  the next chapter.
CHAPTER V
TEST SERIES I I
I t  has been shown from e la s t ic  theory th a t the compressional 
wave and shear wave v e lo c ity  o f a sediment can be re la te d  to  the 
e la s t ic  constants o f shear modulus, G, dynamic Young's Modulus, E, 
and Poissons1 R a tio , v , by the fo llo w in g  equations:
. .. , ■, _ r- _ 2 (1 + v ) ( l  -  2v)Young's Modulus = E = pVc  ----- ^ j  -  v )-----
2Shear Modulus = G = pVg
1 - 1 / 2  (Vc/V s ) 2 
Poisson's Ratio = v = ---------------------5-----
1 -  ( v c / v s)2
where:
p = mass d e n s ity  
Vc = P o r Compressional wave v e lo c ity
Vg = S o r shear wave v e lo c ity
I t  can be seen from these equations th a t i f  one can ob ta in  
the two wave v e lo c it ie s  and the dens ity  o f a p a r t ic u la r  s o il sample, 
th a t a l l  o f the above e la s t ic  parameters can be determined. Although
no q u a n tita t iv e  re la t io n s h ip  is  known to  e x is t  between these parameters
and the res is tance  o f a sa tu ra ted  sand to  l iq u e fa c t io n , i t  is  obvious 
th a t they must be d ir e c t ly  re la te d . A lb e it ,  the le ve l o f s t ra in  a t 
which such e la s t ic  parameters are determined (probab ly less than 10 ® 
fo r  acoustic  transm iss ions) is  s ig n i f ic a n t ly  d if fe re n t  from th a t 
experienced during  l iq u e fa c t io n .
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In  th is  se ries  o f te s ts ,  p rec ise  v e lo c ity  measurements were 
made fo r  the f i r s t  tim e in  the te s t  program. Through the use o f an 
a d d itio n a l acoustic  device and a d ig i ta l  o sc illo sco p e , both the dry 
and satura ted compressional wave v e lo c it ie s  were obta ined fo r  two 
d if fe re n t  methods o f sample p repa ra tion . In  a d d it io n , a number o f 
p re v ious ly  reported re s u lts ,  concerning the e f fe c t  th a t va ry ing  such 
parameters as co n fin in g  s tre s s , and m oisture content would have on 
the compressional wave v e lo c ity  and a tte n u a tio n , were a lso  in ve s tig a te d .
D escrip tion  o f Methods o f Sample Preparation
At the com pletion o f Test Series I  i t  was recognized th a t the 
poured method o f sample p repara tion  re su lte d  in  a ra th e r s ig n if ic a n t  
leve l o f s c a tte r , a t le a s t as compared to  the m oist tamped technique.
The cause o f th is  s c a tte r  was thought to  be the re s u lt  o f v a r ia t io n s  in  
the in te n s ity  o f the sand ra in , o r to  a lesse r e x te n t, in  the he igh t 
o f drop.
In  an attem pt to  standard ize  the dry p lu v ia t io n  technique a 
number o f te s ts  were run using a lu c ite  c y lin d e r , some 3 fe e t in  
leng th , th a t contained a se ries  o f screens, which extended across the 
ins ide  diameter o f the tube. The idea behind th is  apparatus, was 
th a t by passing through the se ries  o f screens, a l l  o f the sand e x it in g  
the c y lin d e r would be f a l l in g  a t a constant v e lo c ity . The bottom 
screen in  the device was located approxim ately 20 inches above the 
top o f the te s t  mold. This separation  was chosen since M u li l is  
(1975) reported th a t above i t  the he igh t o f drop had no e f fe c t  on the 
sample dens ity .
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A number o f techniques were t r ie d  fo r  pouring the sand in to  
the lu c i te  c y lin d e r. This proved to  be the c r i t i c a l  fa c to r  in  the 
procedure, since i t  was found th a t i f  the ra in  o f sand was not uniform  
across the diam eter o f the sample, such th a t the sand surface being 
deposited was m aintained le v e l,  th a t s ig n if ic a n t  v a r ia t io n s  in  the 
dens ity  o f the sample were found from top to  bottom. E ven tua lly  the 
method had to  be abandoned, since co n s is ten t re s u lts  could not be 
obtained.
Based on the in s ig h ts  gained from the above e f fo r t ,  however, 
a second pouring technique was developed fo r  the te s ts  o f th is  se ries . 
The method, termed h igh -frequency-v ib ra ted /poured  or HFV/P was s im ila r  
to  one shown by M u li l is  (1975) to  produce in te rm ed ia te  re s u lts  in  
terms o f res is tance  to  l iq u e fa c t io n , as compared to  the dry p lu v ia te d  
and m oist tamped procedures. I t  was assumed th a t the degree o f 
p re fe rred  o r ie n ta tio n  o f the con tact planes in  the HFV/P fa v r ic  would 
f a l l  somewhere between the random nature o f the dry p lu v ia te d , and 
the s tro n g ly  h o rizo n ta l characte r o f the m oist tamped.
For the HFV/P method, instead o f ro ta t in g  the 1000 ml. f la s k  
by hand, as in  the dry  p lu v ia t io n  method, the f la s k  was placed inve rted  
in to  a la b o ra to ry  r in g  stand, f ix e d  approxim ately 15 inches above the 
base o f the sample. The ra in  o f sand from the f la s k  was d ire c te d  
in to  the center o f the sample mold as seen in  Figure V - l.
As the sample he igh t was inc reas ing , a high frequency v ib ra t io n  
was app lied  c irc u m fe re n t ia lly  to  the ou ts ide  o f the s p l i t  mold. A 
v ib ro -engrave r to o l,  seen in  Figure V-2, was used to  produce the 
v ib ra t io n . The stopper opening was va ried  to  achieve the desired 
dens ity  in  th is  method. Samples were e a s ily  constructed th a t ranged 
in  re la t iv e  d e ns ity  from 40 to  80 percent.
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The development o f th is  technique was necessita ted  by the 
in c lu s io n  o f a th i r d  acoustic  sensor mounted in s id e  the te s t  sample.
I t  was f e l t  th a t the p re v io u s ly  used tamping procedure would d is lodge
and/or damage th is  new sensor. This device w i l l  be discussed in
d e ta il in  the next sec tion .
D escrip tion  o f the Testing  Equipment
The a d d itio n a l acoustic  sensor was a d e lta  shear wave acce le ro­
meter manufactured by B & K instrum ents. The te ch n ica l s p e c if ic a tio n s  
o f th is  device are included in  Appendix I I .  The accelerom eter was 
mounted in s id e  the sample, attached to  the base, w ith  i t s  s e n s it iv e  
axis in  the h o rizo n ta l d ire c t io n , 0.47" above the upper surface o f 
the bottom cap and R-283E transducer.
Figure V-3 is  a schematic rep resen ta tion  o f the lo c a tio n  o f 
the three acoustic  sensors used in  th is  te s t  se rie s . The actua l 
device can be seen in  Figure I I 1-6. The R-283E transducers were the 
same as those used in  the previous te s t  se rie s . The ou tpu t s igna l o f 
th is  device was f i r s t  a m p lifie d  using a B & K Charge A m p lif ie r ,  Model 
2635.
As a re s u lt  o f an in -dep th  in v e s t ig a tio n  to  determine the 
best method fo r  accu ra te ly  determ in ing the tra v e l times o f acoustic  
pulses in  the te s t  samples, i t  was determined th a t a d ig i ta l  o s c i l lo ­
scope would p rovide the most fe a s ib le  op tion . The one obta ined, the 
Explorer I I I  Model which can be seen in  F igure 111-7, is  manufactured 
by the N ic o le t Instrum ent C orporation.
This d ig i ta l  o sc illo sco p e , w ith  the 204-2 high speed p lu g - in , 













FIG. V-3 SCHEMATIC OF ACOUSTIC TRANSDUCER LOCATIONS
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maximum sampling ra te  o f 50 nano seconds. This extrem ely fa s t  ra te  
was needed due to  the r e la t iv e ly  high frequency o f the  acoustic  
pulses being tra n sm itte d . Expansion o f the X and Y scale to  64 times 
the o r ig in a l s ize  pe rm it very accurate ana lys is  o f tim e and vo ltage .
The N ic o le t osc illo scop e  a lso  has a flo p py  d is k  memory w ith  
32K capac ity  fo r  permanently record ing  the d ig i t iz e d  s ig n a l. This 
fea tu re  perm its the re c a ll and fu r th e r  ana lys is  o f s tored data a t any 
time in  the fu tu re .
A d d itio n a l fea tu res  o f the u n it  are i t s  a b i l i t y  to  ou tpu t a 
d ig i ta l  record to  a f l a t  bed p lo t te r ,  and in te r fa c e  w ith  m ini-computers 
such as the UNH C iv i l  Engineering T ek tro n ix  4061.
The f in a l  equipm ent-re la ted e f fo r t  was an attem pt to  design a 
p a ir  o f shear wave transducers th a t could be incorpora ted  in to  the 
two sample end caps, thereby e lm ina ting  p o te n tia l problems associated 
w ith  the accelerom eter being loca ted  in s id e  the sample. Working w ith  
a ra d ia l expander, p ie z o e le c tr ic  c ry s ta l manufactured by Transducer 
Products, In c . ,  a number o f co n fig u ra tio n s  were attempted.
The c ry s ta ls ,  which were 1/4 inch in  th ickness and 2.8  inches 
in  d iam eter, were p o s itio n e d  a t the top and bottom o f the te s t  sample, 
ju s t  as in  the case o f the R-283E compressional wave transducers. A 
number o f m a te r ia ls , in c lu d in g  glass and aluminum, were used to  
promote coup ling  o f the shear wave in  the te s t  sand, w h ile  p ro te c tin g  
the actual c ry s ta l from being in  d ire c t  con tac t w ith  the sa tura ted  
s o il sample. None o f these designs re su lte d  in  a workable system.
As a re s u lt ,  i t  was decided th a t a d d itio n a l e xpe rtise  would be sought 
in  th is  area. For the in te r im , te s ts  would be conducted using the 
th ree  acoustic  sensors p re v io u s ly  described.
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D escrip tion  o f the Test Procedure
With the a d d itio n  o f the d ig i ta l  osc illo scope  to  the te s t  
equipment, a number o f minor changes were requ ired  in  the te s t  procedure 
described in  Chapter IV. F ir s t  o f a l l ,  the system c a lib ra t io n  traces 
were e lim in a te d , since the previous te s ts  had demonstrated the s t a b i l i t y  
o f the components. Furthermore, since each d ig i ta l  record contained 
the tra n sm itte d , as w e ll as the received pu lse , any v a r ia t io n  o f the 
in p u t, from te s t  to  te s t ,  could be determined during  fu tu re  s igna l 
processi ng.
I t  should be noted, as ind ica te d  some unsuccessful te s ts  
ca rr ie d  out between Test Series I  and I I ,  th a t any remaining f i lm  o f 
dishwashing l iq u id ,  used as a coupling  agent in  the system response, 
resu lted  in  samples which could not be sa tu ra ted  to  a s a t is fa c to ry  
B-value.
A second change in  the te s t  procedure was the a d d itio n  o f a 
laye r o f sand gra ins to  the ra d ia tin g  face o f the tra n s m itt in g  R283-E 
transducer. This was accomplished by apply ing a th in  coat o f epoxy 
to  the e x is t in g  window surface , and then apply ing a s u f f ic ie n t  amount 
o f the te s t  sand so as to  e s s e n t ia lly  provide a one g ra in  th ic k  
layer.
The purpose o f th is  procedure was tw o -fo ld  in  design. F ir s t ,  
i t  was f e l t  th a t the sand la ye r would improve coupling  o f the tra n sm itte d  
s ignal in to  the te s t  sample. Secondly, i t  was hoped th a t th is  improved 
coupling would re s u lt  in  a mode-conversion o f the compressional wave 
signal to  a shear wave a t the w indow /soil boundary. I f  th is  d id  
occur i t  was f e l t  th a t the extrem ely s e n s it iv e  d e lta  shear wave 
accelerometer would be able to  de tec t i t s  transm ission . A fte r  a
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s ig n if ic a n t  te s t in g  and ana lys is  e f fo r t  in  th is  area i t  was found 
th a t such a conversion was not ta k in g  p lace , a t le a s t a t a leve l 
de tectab le  w ith  the a v a ila b le  te s t  equipment. This w i l l  be discussed 
in  g rea te r d e ta il in  the fo llo w in g  section  on Test Results.
A number o f p re lim in a ry  te s ts , s im ila r  to  those described in  
Chapter IV , were a lso  performed to  determine whether the re  were any 
co n tr ib u tio n s  from m u ltip a th  e ffe c ts  in  the received signa l o f the 
shear wave accelerom eter. None were found in  the f i r s t  a r r iv a l ,  
o ther than tra n s ie n t v ib ra t io n s  produced by background noise in  the 
labo ra to ry .
The actua l te s t  procedure o f th is  se ries  began w ith  the 
co ns truc tion  o f a te s t  sample by e ith e r  the dry p lu v ia te d  or HFV/P 
technique. The sample was next placed under vacuum, and i t s  dens ity  
determined as described p re v io u s ly . The samples o f th is  se ries  
ranged in  re la t iv e  dens ity  from 40 to  80 percent.
U nlike  the previous te s t  procedures, before beginning the 
sa tu ra tio n  process, an acoustic  s igna l was tra n sm itte d  in to  the dry 
sand sample from the top R-283E transducer. Using the bottom R-283E 
a s igna l could not be detected to  the l im i t  o f s e n s it iv i ty  o f the 
d ig i ta l  o sc illo scope . The d r iv in g  frequency o f the pulse being 
transm itted  was approxim ately 9600 HZ.
Sw itching from the lower R-283E to  the shear wave accelerom eter, 
a s tab le  s igna l was received. Obviously an acoustic  pulse was being 
transm itted  through the dry sand in  both instances, i t  was ju s t  th a t 
the increased s e n s it iv i ty  o f the shear wave accelerometer was requ ired  
to  de tec t i t .
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Using the d ig i ta l  o sc illo sco p e , the tim e between an e a s ily  
id e n t if ie d  re ference p o in t in  the tra n sm itte d  pu lse , and a s im ila r  
c h a ra c te r is t ic  p o in t in  the received pulse can be very a ccu ra te ly  
determined. I f  these re ference p o in ts  are chosen, as seen in  F igure
V-4, such th a t they represent an equal time s h i f t  from the tru e  
s ta r t in g  p o in t o f the s igna l in  both cases, then the d iffe re n c e  in  
time o f the two p o in ts  must represent the t im e - o f - f l ig h t  o f the 
acoustic pulse in  the te s t  sand.
This technique e lim ina tes  the d i f f i c u l t  problem o f t r y in g  to  
determine the exact s ta r t  o f the received pulse. I t  does however 
assume th a t the frequency o f the received pulse is  the same as the 
tra n sm itte d , but th is  was v e r if ie d  during  subsequent ana lys is  o f the 
te s t data.
Once th is  t im e - o f - f l ig h t  is  known fo r  a te s t  sample the 
v e lo c ity  can be sim ply ca lcu la te d  from a knowledge o f the path length  
between the two transducers.
One p o te n tia l problem w ith  th is  approach is  th a t i t  is  sometimes 
d i f f i c u l t  to  determ ine whether the received s igna l is  negative or 
p o s it iv e  going a t the s ta r t .  I f  the s ta r t in g  d ire c t io n  is  not known 
the time measurement could be in  e r ro r  by one -ha lf o f a cyc le . This 
usua lly  occurs when the sample is  nearly  sa tura ted  and under a low 
value o f e f fe c t iv e  s tre ss . A fte r  d iscussing  th is  problem w ith  a 
number o f experienced acoustic ians i t  was agreed th a t the s ta r t in g  
d ire c t io n  o f the  rece ived pulse was a constant fo r  the given e le c tro ­
acoustic  system. Thus any traces in  which the s ta r t in g  d ire c t io n  was 
not c le a r could be assumed to  have the known s ta r t in g  d ire c t io n  fo r  




FIG. V-4 TYPICAL TIME-OF-FLIGHT MEASUREMENT
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and v e lo c ity  throughout the e n t ire  te s t in g  program were based on th is  
premise. This assumption was supported by the o v e ra ll consistency o f 
the te s t  re s u lts ,  and th e ir  high degree o f c o r re la t io n  w ith  s im ila r  
reported la b o ra to ry  and in  s i tu  values.
The acoustic  v e lo c ity  o f the dry te s t  samples were recorded 
a t vacuums o f 15 and 19 inches o f mercury. These vacuum le v e ls  were 
determined from readings on a 4 in . diam eter d ia l gauge.
T im e -o f- f l ig h t  measurements were a lso  recorded w ith  the 
in te rn a l accelerom eter during  the sa tu ra tio n  process. Each tim e the 
le v e l,  o r type o f co n fin in g  s tress  was changed a s igna l was recorded.
The e f fe c t  o f inc reas ing  m oisture content and the v a r ia t io n  o f v e lo c ity  
w ith  e f fe c t iv e  s tress  were thus in ve s tig a te d  in  th is  manner.
At the end o f the f i r s t  back p ressuring  p e rio d , u su a lly  one 
hour, the B-value o f the sample was checked. The minimum acceptable 
leve l fo r  th is  se ries  o f te s ts  was taken to  be 0 .94 , w ith  the m a jo r ity  
o f samples reported here in  f a l l in g  in  the range from 0.96 to  0.98.
Every e f fo r t  was made to  achieve the h ighest B-value poss ib le . As 
mentioned p re v io u s ly , a pe riod  o f e ig h t hours o f f lu s h in g  deaired 
water was f e l t  to  be a minimum fo r  the h igher de ns ity  samples.
Eventua lly  the back p ressuring  period  was a lso  extended, to  24 hours, 
in  an attem pt to  improve and standard ize  the te s t  re s u lts  o f th is  
se ries . I t  should be noted th a t the acce le rom eter's  performance was 
e xce lle n t throughout th is  te s t  s e r ie s , re q u ir in g  v i r t u a l ly  no maintenance.
Once an acceptable B-value was achieved the bottom R-283E 
transducer was s u b s titu te d  fo r  the shear wave accelerom eter as the 
re ce ive r o f the acoustic  transm iss ion . This pe rm itte d , fo r  the f i r s t  
time in  the te s t  program, the computation o f the sa tu ra ted  compressional
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wave v e lo c ity  o f a te s t  sample. The water temperature was recorded 
a t th is  tim e to  the nearest 0.1°C.
The d r iv in g  frequency was once again the resonant frequency 
o f the R-283E transducer o r 235 KHZ.
Results o f the Tests
Before the absolute propagation v e lo c ity  o f the compressional 
wave transm issions o f th is  te s t  se ries  could be computed, any time 
delays associated w ith  the e le c tro n ic  components o r acoustic  transducers 
would have to  be taken in to  cons ide ra tion . As w i l l  be discussed in  
g rea te r d e ta il in  Chapter V I I ,  the c a lib ra t io n  scheme ind ica te d  th a t 
a time c o rre c tio n  was not needed fo r  the R-283E transducers.
As a re s u lt ,  the on ly  co rre c tio n  to  the raw data o f th is  te s t  
series were a path length  co rre c tio n  o f 0.47 inches, and a volume 
c o rre c tio n  o f 1.0 cu in . to  account fo r  the presence o f the accelerometer 
ins ide  the te s t  sample. The la t t e r  was determined from a measurement 
o f the w eight o f water th a t the device d isp layed. Both o f these 
values were subtracted  from the p re lim in a ry  sample dimensions.
As seen in  Table I I  the dry compressional wave v e lo c ity  o f 
both methods o f sample p repara tion  increased ra th e r s ig n i f ic a n t ly  
w ith  increases in  the e f fe c t iv e  s tress  fo r  a given te s t  sample. In 
fa c t ,  these increases were nearly  e xa c tly  in  the ra t io  o f the two 
pressures ra ised  to  the 1/4 power.
This ra t io  has been commonly accepted as a general "ru le -o f-th u m b " 
re la t io n s h ip  fo r  the increase o f shear wave v e lo c ity  w ith  increas ing  
co n fin in g  s tre ss . This re s u lt  i n i t i a l l y  ind ica te d  th a t the acoustic  







R e la tive  
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Vp , D 
@15 | 
M/Sec
73 Pour 74.0 368.1 447.2
75 HFV/P 65.8 373.8 443.9
76 HFV/P 65.5 376.0 453.0
77 HFV/P 87.1 387.0 465.1
78 Pour 66.9 350.2 420.8
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in  nature. Later i t  was determined th a t the dry shear wave and 
compressional wave v e lo c ity  should respond s im i la r i ly  to  changes in  
co n fin in g  s tress  (H ardin and R icha rd t, 1963).
S ig n if ic a n t d iffe re n ce s  in  the dry compressional wave v e lo c ity  
can be seen in  F igure V-5, when two samples w ith  the same re la t iv e  
d e n s ity , but d if fe re n t  fa b r ic  are compared. The d iffe re n ce s  ranged 
from 15 to  30 meters per second, w ith  the HFV/P technique e x h ib it in g  
the more a c o u s tic a lly  r ig id  behavior. Since the dynamic r ig id i t y ,  as 
measured by res is tance  to  l iq u e fa c t io n , o f samples prepared by a 
s im ila r  v ib ra t io n  technique was shown by M u li l is  to  be sup erio r to  
samples prepared by the dry p lu v ia te d  method, once again an acoustic  
parameter had been developed which accu ra te ly  re la te d  the fa b r ic  o f a 
sand to  i t s  dynamic r ig id i t y .
The e f fe c t  o f increas ing  m oisture content on the compressional 
wave transm ission  was seen to  f i r s t  re s u lt  in  a decrease in  compressional 
wave v e lo c ity  in  a l l  samples, as compared to  the dry re s u lts . These 
decreases ranged from 20 to  50 m/sec.
I t  was observed th a t the percent decrease in  v e lo c ity  seemed 
to  be less in  the HFV/P samples. Q u a n tita tive  re s u lts  could not be 
accu ra te ly  determ ined, however, w ith  the te s t  procedure being used, 
since the increase in  m oisture content was not uniform  throughout the 
sample. This q u a li ta t iv e  re s u lt ,  however, would seem to  in d ic a te  
th a t the more r ig id  fa b r ic  was less a ffe c te d  by the presence o f 
m oisture.
E ven tua lly , as the leve l o f s a tu ra tio n  increase in  the sample, 
the a tten u a tion  o f the f r o n t  p o rtio n  o f the s igna l being received 
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d is t in g u is h  the s ta r t in g  p o in t o f the s igna l from the background 
system noise. A number o f attem pts a t improving the s igna l to  noise 
ra t io  were unsuccessful.
One im portan t re s u lts  o f th is  e f f o r t ,  however, was th a t as 
the sample became more sa tu ra ted , changes in  e f fe c t iv e  s tress  no 
longer produced v a r ia t io n s  in  acoustic  v e lo c ity  th a t obeyed the 1/4 
power law. I t  was th is  re s u lt ,  th a t fu r th e r  confirmed th a t the 
in te rn a l accelerom eter was de te c tin g  compressional wave a r r iv a ls  and 
not shear wave.
The sa tu ra ted  compressional wave v e lo c it ie s  o f th is  te s t  
s e rie s , co rrec ted  to  a common temperature a t 24°C, are presented in  
Figure V-6. The temperature c o rre c tio n  was based on a form ula reported 
by Wilson (1960) fo r  the v a r ia t io n  o f compressional wave v e lo c ity  o f 
water alone. Recently reported te s t  re s u lts  by B e ll and S h irle y  
(1980) in d ic a te  th a t th is  is  a v a lid  approach.
Jus t as in  the case o f the dry compressional wave re s u lts ,  
the sa tura ted  v e lo c it ie s  are seen to  ge n e ra lly  increase w ith  increas ing  
re la t iv e  den s ity . However, due to  the s ig n if ic a n t  s c a tte r  in  the 
te s t  re s u lts  i t  seems best to  conclude th a t the re  is  very l i t t l e  
d iffe re n ce  in  the sa tu ra ted  compressional wave v e lo c ity  o f samples 
prepared by e ith e r  o f the two techniques o f th is  te s t  se rie s . The 
presence o f water in  the sample voids has obv ious ly  tended to  reduce 
the d iffe re n ce s  observed w ith  the dry compressional wave transm issions.
The most im portan t observation  th a t can be made about the 
re s u lts  o f Figures V-5 and V-6 is  th a t the sa tura ted  compressional 
wave v e lo c it ie s  are some fo u r to  f iv e  times fa s te r  than the d ry , 
desp ite  the fa c t  th a t the dry v e lo c ity  was a t f i r s t  observed to  
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This re s u lt  can be expla ined by the fa c t  th a t since in  the 
d ry , and p a r t ia l ly  sa tura ted  case, the sand frame is  tra n s m itt in g  the 
acoustic  energy. Once a s u f f ic ie n t  continuous path o f pore f lu id  is  
estab lished  in  the sample however, the compressional wave transm is­
sion s h if ts  from the slower frame to  the fa s te r  water pa th , hence a 
compressional wave v e lo c ity  much c lo se r to  th a t found in  the p re v io u s ly  
reported , water column standard re s u lts .
The range o f values from 1550 m/sec to  1600 m/sec, and the 
observed re la t iv e  d iffe re n c e  from the dry re s u lts , are in  the range 
o f those ty p ic a l ly  reported fo r  compressional wave s tud ies .
The a tte n u a tio n  o f the compressional wave s igna ls  o f th is  
te s t se ries  were not analyzed to  the same d e ta il as in  the previous 
one. Observations th a t were made included an increase in  the a ttenu ­
a tio n  w ith  increas ing  m oisture content fo r  a given sample, so long as 
the compressional wave was being ca rr ie d  by the frame. Once the pore 
water began tra n s m itt in g  the acoustic  wave the opposite trend  was 
seen, i . e .  the a tte n u a tion  decreased w ith  increas ing  B-value.
Comparisons o f the leve l o f the a tte n u a tion  fo r  the  two 
fa b ric s  o f th is  te s t  se ries  w ith  the previous re s u lts  ind ica te d  th a t 
the maximum peak-to-peak analogue vo ltages were s im ila r  fo r  poured 
samples w ith  the same dens ity . The HFV/P and m oist tamped technique 
were observed to  re s u lt  in  approxim ately the same le ve l o f s igna l 
a tte nua tion . That is ,  the HFV/P p repara tion  technique produced a 
fa b r ic  th a t attenuated the compressional wave s igna l more than the 
poured when compared a t the same re la t iv e  dens ity . Once again a ttenu­
a tio n  was observed to  decrease w ith  increas ing  d ens ity  fo r  both 
p repara tion  techniques.
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The la t te r  re s u lt  may perhaps be expla ined by the fa c t  th a t 
as the d e ns ity  increased the in d iv id u a l sand g ra ins become packed 
more c lo s e ly  toge the r. The displacements associated w ith  the tra n s ­
m ission o f the acoustic  pulse from g ra in  to  g ra in  should th e re fo re  be 
reduced. Thus i f  a tte n u a tio n  is  d ir e c t ly  re la te d  to  f r ic t io n a l  
losses in  the frame, the sm alle r displacements should re s u lt  in  less 
f r ic t io n a l  lo ss , o r less a tte n u a tion .
Discussion
Based on the dry compressional wave v e lo c ity  re s u lts ,  samples 
prepared by the dry p lu v ia t io n  method were found to  be slower than 
the HFV/P samples when compared a t the same re la t iv e  d e ns ity . This 
would seem to  in d ic a te  ju s t  as in  the previous te s t  s e r ie s , th a t the 
fa b r ic  associated w ith  the dry p lu v ia te d  method re su lte d  in  samples 
o f r e la t iv e ly  low acoustic  r i g id i t y ,  a lb e it  in  th is  case the HFV/P 
technique was used as a basis o f comparison, not the m oist tamped.
As noted e a r l ie r ,  a somewhat s im ila r  high frequency v ib ra t io n  technique 
was shown by M u li l is  (1975) to  produce samples w ith  a l iq u e fa c tio n  
res is tance  th a t was between the dry p lu v ia te d  and m oist tamped p repara tion  
methods.
The sa tura ted  compressional wave re s u lts  d id  not e x h ib it  the 
same c le a r  behavior as the dry. The s c a tte r  in  these re s u lts  may be 
due in  p a r t to  the presence o f the accelerometer in  the transm ission 
path o f the re ce iv in g  R-283E, and/or in s u f f ic ie n t  sa tu ra tio n  o f the 
sample. I t  may a lso be th a t the acoustic  r i g id i t y  o f the satura ted 
HFV/P frame was not th a t s ig n i f ic a n t ly  d if fe re n t  from the dry p lu v ia te d .
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The dry  compressional wave v e lo c ity  was seen to  behave s im ila r  
to  th a t p red ic ted  fo r  a shear wave in  th a t inc reas ing  the co n fin in g  
pressure on a sample re su lte d  in  a v e lo c ity  increase in  the sample 
th a t obeyed the commonly reported 1/4 power re la t io n s h ip . Increasing  
the m oisture con ten t, on the o the r hand, re su lte d  in  a decrease in  
compressional wave v e lo c ity ,  u n t i l  a s u f f ic ie n t ly  continuous, pore 
f lu id  transm ission  path had been es tab lished . Once the compressional 
wave could be tra n sm itte d  by a s u f f ic ie n t ly  continuous pore water 
path, the v e lo c ity  increased by approxim ate ly a fa c to r  o f 4 .5 .
The observed behavior o f a sample w ith  respect to  a tte n u a tion  
was a lso co n s is te n t w ith  th is  exp lana tion . A ttenua tion  increased 
u n t i l  the compressional wave s h if te d  to  the pore f lu id  path , and then 
decreased during  the f in a l  stages o f sa tu ra tio n .
Increasing  the le ve l o f e f fe c t iv e  s tress  fo r  a given sa tura ted  
sample was seen to  have very l i t t l e  e f fe c t  on the compressional wave 
v e lo c ity  o f e ith e r  fa b r ic ,  as is  the case fo r  water alone. Decreasing 
signal a tte n u a tion  was observed as the e f fe c t iv e  s tress  increased, as 
in  the previous te s t  se rie s .
The fa c t  th a t d iffe re n ce s  in  fa b r ic  re su lte d  in  r e la t iv e ly  
small d iffe re n ce s  in  the sa tura ted  compressional wave v e lo c ity  po in ted  
once again to  the need fo r  making shear v/ave measurements in  the 
sand. The la t t e r  would obv ious ly  always be tra n sm itte d  by the frame, 
whether dry o r sa tu ra te d , since the pore water cannot support shearing 
forces.
A concerted e f f o r t  was thus undertaken to  ob ta in  the necessary 
shear wave ins trum en ta tion . A fte r  an extensive in v e s t ig a tio n  o f the 
a va ila b le  equipment, the dec is ion  was made to  h ire  a co nsu ltan t to  
a s s is t in  the design and fa b r ic a t io n  o f our own acoustic  devices.
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While the new transducers were being prepared a se ries  o f 
te s ts  were run to  v e r i f y  the re la t io n s h ip  between fa b r ic  d iffe re n ce s  
and l iq u e fa c t io n  res is tance  fo r  the Dover 40-50 sand. Test Series 
I I I  was performed to  document th a t the  observed d iffe re n ce s  in  the 
acoustic  r i g id i t y  o f two sand fa b r ic s  d id  c o rre la te  w ith  d iffe re n ce s  
in  th e ir  inhe ren t re s is ta nce  to  liq u e fa c t io n . These te s ts  w i l l  be 
discussed in  the next chapter.
CHAPTER VI
TEST SERIES I I I
W ith both the d ry  compressional wave v e lo c ity  and sa tura ted  
compressional wave a tte n u a tio n  proving  to  be re lia b le  acoustic  in d ic a to rs  
o f sample fa b r ic ,  the u ltim a te  goal o f r e la t in g  acoustic  s igna tu re  to  
l iq u e fa c tio n  res is tance  could now be re a liz e d . Although M u li l is  
(1975) had co n c lu s ive ly  proven the e f fe c t  o f fa b r ic  on the liq u e fa c tio n  
res is tance  o f sa tu ra ted  t r ia x ia l  sand samples, the fa c t  th a t he had 
used a d if fe r e n t  sand and te s t  equipment, created concern about the 
re p e a ta b il i ty  o f h is  f in d in g s .
As a r e s u lt ,  Test Series I I I  was performed where, in  a d d itio n  
to  determ in ing the acoustic  parameters as in  the previous te s ts  
se rie s , each sample was c y c l ic a l ly  loaded to  fa i lu r e  in  undrained 
t r ia x ia l  co n d itio n s . The re s u lts  o f these te s ts  provided, fo r  the 
sand o f th is  te s t  program, the necessary data to  re la te  sample fa b r ic ,  
acoustic  s igna tu re  and res is tance  to  l iq u e fa c tio n .
D escrip tion  o f the  T esting  Equipment
The major a d d itio n  to  the equipment used in  the previous 
te s ts  se ries  was the c y c l ic  load ing device , seen in  F igure V I-1 .
This e lec tro -pneum atic , s inuso ida l load ing  system was designed and 
constructed by Clarence K. Chan (1976).
The main components o f the system are a sine wave genera tor, 
a volume booster re la y , and a double a c tin g  a i r  p is to n . The la t t e r
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FIG. VI-1 CKC CYCLIC LOADER
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is  connected to  a load frame such th a t i t  is  po s itio n e d  v e r t ic a l ly  
above the t r ia x ia l  chamber.
The loader is  connected to  a Revere load c e l l ,  Model UMP1-.25A, 
which in  tu rn  is  attached to  the top cap o f the sample v ia  a load ing 
rod, as seen in  F igure V I-2 . A double sw ivel connection is  used on 
one side o f the load c e ll  to  reduce any e c c e n tr ic ity  in  the load ing.
In  a d d itio n  to  the load c e l l ,  a Schaevitz Engineering LVDT,
Type 1000HR, was connected to  the load ing  ram to  measure deform ations 
o f the sample.
The ou tpu t from the LVDT, and load c e ll  was f i r s t  a m p lifie d  
w ith  the Validyne Model MCI s igna l c o n d itio n e r. They were then 
connected to  a Brush S tr ip -C h a rt Recorder Mark 280, as seen in  Figure
V I-3 . The pore pressure transducer ou tpu t was a lso  recorded in  a 
s im ila r  manner. Thus, during a l iq u e fa c t io n  te s t ,  the app lied  s tre s s , 
deform ation and pore pressure bu ildup  were sim ultaneously recorded.
This pe rm itted  the ana lys is  and comparison o f the l iq u e fa c tio n  cha rac te r­
is t ic s  o f the te s t  samples o f th is  se ries .
D escrip tion  o f the Test Procedure
Samples, du ring  the i n i t i a l  te s t in g  o f th is  s e r ie s , were 
prepared by e ith e r  the dry p lu v ia t io n  or HFV/P method. The range o f 
re la t iv e  d e n s itie s  was from 45 to  70 percent. The dry and sa tura ted  
compressional wave s igna tu res were recorded e xa c tly  as in  the previous 
te s t  se rie s .
Once an acceptable B-value had been obta ined, which fo r  th is  
series o f te s ts  was estab lished  as a minimum o f 0 .97, the f in a l 
procedure was to  determine the sample's res is tance  to  l iq u e fa c tio n .
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FIG. V I-2  CYCLIC TRIAXIAL TEST EQUIPMENT
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b e u a h
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FIG. V I-3  STRIP CHART RECORDER
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To accomplish th is  the  sample was f i r s t  connected to  the c y c lic  
loader, through the load c e ll  connector. Next the LVDT was connected 
and zeroed.
A fte r  checking th a t the loeiding device and Brush recorders 
were fu n c tio n in g  p ro p e rly , the c y c lic  t r ia x ia l  te s t  was begun by 
f i r s t  c lo s in g  o f f  the back pressure l in e ,  thereby e s ta b lis h in g  undrained 
cond itions  fo r  the te s t  procedure. With an e ffe c t iv e  normal s tre s s ,
Oj.1 o f 10 psi on the sample, a pre-determ ined s inuso ida l c y c lic  
dev ia to r s tre s s , + oD, was then app lied  v ia  the c y c lic  load ing  device. 
The frequency o f the load ing  was 0.4Hz. This value was se lected  as 
being ty p ic a l o f load ings found in  nature.
This c y c l ic  load ing  re su lte d  in  a bu ildup  o f the pore pressure 
in  the undrained te s t  sample u n t i l  the increase became equal in  value 
to  the i n i t i a l  e f fe c t iv e  s tre s s , or the e f fe c t iv e  s tress  had been 
reduced to  zero. At th is  p o in t the sample was sa id  to  have l iq u e f ie d ,  
as the deform ations became very la rge . This marked the end o f the 
te s t procedure.
From an a n a lys is  o f the s t r ip  ch a rt records fo r  the te s t ,  the 
liq u e fa c tio n  res is tance  o f the sample could be sim ply determined. A 
ty p ic a l se t o f te s t  re s u lts  can be seen in  F igure V I-4 . The c y c lic  
s tre ss , +CTp, was f i r s t  found by d iv id in g  the c y c l ic  load by the area 
o f the te s t  sample. W ith th is  in fo rm a tio n  the c y c l ic  s tress  r a t io ,  
+0^/20^*, could then be ca lcu la te d . The remaining liq u e fa c tio n  
res is tance  parameter, the number o f cycles to  l iq u e fa c t io n , was found 
by counting the number o f load cycles requ ired  to  increase the pore 
pressure by an amount equal to  the i n i t i a l  e f fe c t iv e  s tre s s , o r 10 
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FIG. V I-4  TYPICAL CYCLIC TRIAXIAL TEST RECORDS
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The f i r s t  l iq u e fa c t io n  te s t  re s u lts  were d isa p p o in tin g , in  
th a t they e xh ib ite d  a la rg e r degree o f s c a tte r. A fte r  a thorough 
ana lys is  o f the te s t  procedure, i t  was concluded th a t the presence o f 
the accelerometer in s id e  the sample, was probably producing s tress 
concentra tions th a t caused premature l iq u e fa c tio n  o f the te s t  sample 
in  th a t zone.
As fu r th e r  evidence o f th is  problem a poured te s t  was performed 
w ith  the same sand used by M u li l is  (1975), Monterey No. 0. The 
c y c lic  s tress  ra t io  was approxim ately 25 percent less than what he 
reported when compared a t the same number o f cycles and re la t iv e  
dens ity .
A fte r  cons idering  a number o f m o d ifica tio n s  to  the HFV/P 
method in c lu d in g  d e n s ify in g  the sand immediately surrounding the 
accelerom eter, i t  was decided th a t the accelerom eter would have to  be 
removed from ins id e  the sample.
Once th is  dec is ion  had been made, the m oist tamped procedure 
o f preparing  samples was again adopted, since the concern fo r  damaging 
the shear wave accelerometer had been e lim ina ted . F u rthe r, as M u li l is  
had not used the HFV/P, the re tu rn  to  m oist tamping would provide  a 
b e tte r check on the te s t  re s u lts .
One o the r v a r ia t io n  o f the c y c l ic  t r ia x ia l  te s t  procedure was 
included in  th is  te s t  se rie s . As reported  by Seed (1976), one o f the 
im portant fa c to rs , in  a d d itio n  to  fa b r ic ,  th a t e ffe c ts  the l iq u e fa c t io n  
behavior o f sa tura ted  sands is  the p r io r  s tress  h is to ry  to  which the 
sand has been subjected.
To in v e s tig a te  th is  phenomena, a p a ir  o f te s t  samples one 
moist tamped and the o ther dry p lu v ia te d , were subjected to  several
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p re lim in a ry  shocks, before being tes ted  to  l iq u e fa c tio n . In  each
OK # # *
shock, which was intended to  sim ula te  the e ffe c ts  o f a small ocean 
storm, a c y c lic  s tre ss  ra t io  was se lected so as to  induce a peak pore 
pressure ra t io  (see Appendix I )  o f approxim ately 50% in  f iv e  to  ten 
undrained loading cyc les . At the end o f th is  procedure, the excess 
pore water pressure was allowed to  d is s ip a te , the volume change was 
measured, and an updated compressional wave acoustic  s igna tu re  recorded. 
Five p re lim in a ry  shocks were app lied  to  each sample, before te s tin g  
the sample to  l iq u e fa c t io n . I t  should be noted th a t the increase in  
re la t iv e  de ns ity  produced by th is  preshaking process was on ly  1 to  2 
percent.
Results o f Tests
With the in te rn a l accelerometer e lim ina ted  from the equipment, 
the acoustic  p o rtio n  o f the te s t  re s u lts  were l im ite d  to  an ana lys is  
o f the satura ted  compressional wave transm issions. To maximize the
in fo rm a tion  which could be obtained in  th is  manner, the v e lo c ity  and
a tten u a tion  were both analyzed using the d ig i ta l  records stored on 
floppy  d isk  w ith  the N ic o le t o sc illo scope .
The v e lo c ity  was ca lcu la te d  and co rrected  to  24°C as in  Test
Series I I .  As seen in  Figure V I-5 , the sa tu ra ted  compressional wave
v e lo c ity  increases w ith  increas ing  re la t iv e  d e n s ity , in  a s im ila r  
manner to  th a t seen p re v io u s ly , fo r  both the p lu v ia te d  and m oist 
tamped samples. A le a s t squares l in e a r  regression l in e  was f i t  to  
both data sets to  in d ic a te  the general trend  o f the re s u lts . Although 





























PREPARATION METHOD : 
O DRY PLUVIATED 
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FIG. V I-5 SATURATED COMPRESSIONAL WAVE VELOCITY VS. RELATIVE DENSITY
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compressional wave energy, the v e lo c ity  d iffe re n ce s  are s t i l l  s ig n i­
f ic a n t ,  averaging some 15m/sec fa s te r  fo r  the m oist tamped fa b r ic  
when compared a t the same re la t iv e  d e ns ity . I t  is  im portan t to  note 
th a t the compressional wave v e lo c ity  o f water alone a t 24°C was found 
to  be 1523 m/sec in d ic a tin g  th a t the s tru c tu re  o f the s o il does 
co n tr ib u te  to  the propagation v e lo c ity  o f the te s t  samples. The 
e ffe c t  o f p re -s tre ss  can be seen as an increase in  v e lo c ity  fo r  both 
methods o f sample p repa ra tion .
In  a d d itio n  to  v e lo c ity ,  the a tte n u a tion  o f the sa tura ted  
compressional wave s igna l was a lso  in ve s tig a te d . Careful ana lys is  o f 
th is  parameter, w ith  the d ig i ta l  o sc illo sco p e , revealed i t  to  be very 
s e n s it iv e  to  even minor v a r ia t io n s  in  B -va lues, hence the adoption o f 
0.97 as a minimum fo r  th is  te s t  se rie s .
As seen in  F igure V I-6 , the transm iss ion  loss in  d e c ib e ls , 
neg lec ting  spherica l spreading which is  constant fo r  the transducer 
c o n fig u ra tio n , is  fa b r ic - re la te d ,  when p lo tte d  aga ins t re la t iv e  
dens ity . Ju s t as in  Test Series I ,  the m oist tamped fa b r ic  e x h ib its  
a la rg e r transm iss ion  lo ss , o r s igna l a tte n u a tio n  then the dry p lu v ia te d  
fo r  samples w ith  the same re la t iv e  dens ity . The in p u t and received 
peak-to-peak vo ltages were measured to  the nearest 0.01 and 0.001 
v o l t ,  re s p e c tiv e ly . The general tren d  o f the  re s u lts  were found from 
a le a s t squares l in e a r  regression ana lys is .
The e f fe c t  o f p re -s tre ss  is  once again ev iden t in  the re s u lts  
o f F igure V I-6 . In  th is  case, the transm iss ion  loss tends to  increase, 
in d ic a tin g  a more a c o u s tic a lly  r ig id  fa b r ic ,  fo r  samples w ith  p r io r  
s tress h is to ry . The la rg e r number o f samples seen in  F igure V I-6 , as 
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FIG. IV-6 COMPRESSIONAL WAVE TRANSMISSION LOSS VS. RELATIVE DENSITY
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app licab le  re s u lts  o f Test Series I in  which the v e lo c ity  was not 
determined.
As seen in  F igure V I-7 , the m oist tamped samples requ ired  
la rg e r c y c l ic  s tress  ra t io s  to  produce liq u e fa c t io n  when compared to  
the dry p lu v ia te d  a t the same number o f load cyc les . This in d ic a te s , 
as was assumed, th a t the m oist tamped fa b r ic  is  more dynam ica lly 
r ig id  than the dry p lu v ia te d . A ll samples in  th is  te s t  se ries  were 
reduced to  a common re la t iv e  d e ns ity  o f 60% by assuming the standard 
s tra ig h t l in e  r a t io  re la t io n s h ip  between c y c lic  s tress  ra t io  and 
re la t iv e  d e ns ity  (Seed and Lee, 1966).
W ith respect to  the re s u lts  reported  by M u li l is  (1975) the 
c y c lic  s tress  ra t io s  requ ired  to  produce liq u e fa c t io n  a t the same 
number o f cycles in  the Dover 40-50 sand ranged from 10 to  20 percent 
less than fo r  the Monterey No. 0. This in d ica te d  a s l ig h t ly  less 
dynam ically r ig id  sample was being produced by both o f the sample 
p repara tion  techniques.
One poss ib le  exp lana tion  fo r  th is  v a r ia t io n , is  the fa c t  th a t 
the Dover 40 to  50 sand is  somewhat f in e r  in  s ize  than the Monterey 
No. 0. U n fo rtu n a te ly , very l i t t l e  in fo rm a tion  e x is ts  in  the l i t e r a tu r e  
on the l iq u e fa c t io n  c h a ra c te r is t ic s  o f sands o the r than Monterey No.
0. I t  was f e l t ,  however, th a t the re s u lts  obtained were c e r ta in ly  
w ith in  a reasonable range o f experimental e rro r.
The expected c o r re la t io n  between acoustic  s igna tu re  and 
liq u e fa c tio n  res is tance  can now be confirmed by comparing the re s u lts  
o f F igures V I-5 , V I- 6  and V I-7 . As p red ic ted  by both the v e lo c ity  
and peak-to-peak components o f the sa tura ted  compressional wave 
s ig n a l, the more a c o u s t ic a lly  r ig id ,  m oist tamped fa b r ic  was a lso  the 
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I t  should be noted th a t the d iffe re n ce s  in  liq u e fa c tio n  
res is tance , on a percentage bas is , were a g rea t deal la rg e r than the 
d iffe rences  in  compressional wave v e lo c ity .  Since the two te s ts  
procedures were performed a t s ig n i f ic a n t ly  d if fe re n t  s tra in  le v e ls , 
however, th is  expected v a r ia t io n  in  behavior may in d ic a te  th a t there  
is  some minimum, or th resho ld  leve l o f s tra in  requ ired  in  order to  
f u l ly  m ob ilize  the dynamic s treng th  inhe ren t in  a p a r t ic u la r  sand 
fa b r ic .
One fu r th e r  comment now seems approp ria te  on the p re v io u s ly  
discussed v a r ia t io n  o f liq u e fa c tio n  c h a ra c te r is t ic s  o f the Dover 
40-50 sand and the Monterey No. 0. A s in g le  te s t  va lue , determined 
fo r  the sa tu ra ted  compressional wave v e lo c ity  o f the Monterey No. 0 
sand, was some 45 m/sec fa s te r ,  fo r  the approp ria te  r e la t iv e  d e n s ity , 
than the trend  l in e  o f Figure V I-5 . This would in d ic a te  th a t in  fa c t 
the Monterey No. 0 sand d id  produce samples w ith  fa b r ic s  th a t were 
more dynam ica lly r ig id  than those prepared w ith  the Dover 40-50 sand.
F in a lly ,  the e f fe c t  o f s tress  h is to ry  on the liq u e fa c tio n  
res is tance  o f the two p re v io u s ly  discussed samples can a lso  be seen 
in  F igure V I-7 . As in fe rre d  from the acoustic  te s t  re s u lts  o f Figure
V I-5 and V I-6 , those samples subjected to  p re lim in a ry  shocks showed 
an increase in  th e ir  res is tance  to  liq u e fa c tio n  as compared to  the 
v irg in  samples, which could not be expla ined by the small increase in  
re la t iv e  de ns ity . Thus fo r  th is  case, increases in  the acoustic  
r ig id i t y  o f a te s t  sample re su lte d  in  s im ila r  increases in  the dynamic 
r ig id i t y  o f th a t same sample when te s ted  to  l iq u e fa c tio n .
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Discussion
Results o f th is  te s t  se ries  have shown th a t the acoustic  
parameters o f sa tu ra ted  compressional wave v e lo c ity  and transm ission  
loss are re lia b le  in d ic a to rs  o f the e f fe c t  o f fa b r ic  on the acoustic  
and dynamic r ig id i t y  o f Dover 40-50 sand. The te s t  procedure confirmed 
the liq u e fa c t io n  res is tance  re s u lts  o f M u li l is  (1975), and provided 
in s ig h ts  in to  the e f fe c t  o f s tress  h is to ry  on the acoustic  and dynamic 
behavior o f sa tu ra ted  t r ia x ia l  sand samples.
During th is  te s t  s e r ie s , the research and development o f a 
new acous tic  transducer th a t would be capable o f opera ting  in  both 
the compressional and shear wave modes was in  progress. The re s u lts  
o f th is  e f f o r t  w i l l  be discussed in  the next te s t  se ries  chapter.
CHAPTER V II
TEST SERIES IV
In o rder to  more f u l l y  ch a rac te rize  the acoustic  behavior o f 
the Dover 40-50 sand, a knowledge o f the shear wave s igna tu re  o f the 
te s t  samples was needed in  a d d itio n  to  the p re v io u s ly  obtained compres­
siona l wave re s u lts . I t  was f e l t  th a t the shear wave would provide 
an even more s e n s it iv e  and usefu l to o l than the compressional wave, 
p a r t ic u la r ly  in  the sa tu ra ted  case, fo r  d e te c tin g  d iffe re n ce s  in  the 
fa b r ic  arrangements o f the t r ia x ia l  sand samples. For ins tance , one 
need on ly  review  the equations presented in  Chapter V to  see th a t 
once the shear wave v e lo c ity  is  known, the Dynamic Shear Modulus, G, 
can be d ir e c t ly  ca lcu la te d . The problem was not in  re a liz in g  the 
importance o f these acoustic  measurements, bu t ra th e r in  f in d in g  the 
necessary ins trum en ta tion  to  perform them.
Once the shear wave, and compressional wave v e lo c ity  have 
been determined fo r  a sample o f known d e n s ity , the Shear Modulus, the 
r a t io  o f compressional wave v e lo c ity  to  shear wave v e lo c ity ,  and 
Poisson's r a t io  can be ca lcu la te d  as presented in  Chapter V. Computa­
t io n  o f these parameters have provided the most accurate acous tic -d e rive d  
in d ic a to rs  o f sample fa b r ic ,  to  date , in  the te s t  program.
D escrip tion  o f the Testing  Equipment
The major a d d itio n  to  the te s t  apparatus o f the previous te s t  
se ries  was the development o f a new acoustic  transducer. As was
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p re v io u s ly  discussed, an i n i t i a l  a ttem pt a t design ing and fa b r ic a t in g  
a ra d ia l expander type shear wave transducer was unsuccessful.
E ven tua lly , the se rv ices o f an independent co n su lta n t, Kenneth Baldwin, 
experienced in  th is  f ie ld ,  were obta ined to  research and develop 
designs fo r  m anufacturing, in-house, the necessary components.
Based on a review  o f some o f the more re c e n tly  reported  shear 
wave s tu d ie s , p a r t ic u la r ly  those o f S h ir le y  (1975), i t  was decided
th a t a transducer comprised o f a se ries  o f ceramic bender, o r bimorph
elements would e x h ib it  the best c h a ra c te r is t ic s  fo r  the p a r t ic u la r  
a p p lic a tio n  being proposed.
The ceramic bender element, seen in  schematic form in  Figure
V I I - 1, is  composed o f two laye rs  o f p ie z o e le c tr ic  ceram ic, r ig id ly
bonded to g e th e r, and d riven  out o f phase so th a t one side is  expanding 
in  the length  mode w h ile  the o the r is  c o n tra c tin g . This produces a 
bending a c tio n  s im ila r  in  cha rac te r to  d e fle c t in g  the end o f a c a n tile v e r  
beam.
The ceramic bender is  p a r t ic u la r ly  w e ll su ite d  fo r  use in  
porous media, such as the sa tu ra ted  sand samples being te s te d , since 
i t  in h e re n tly  possesses two im portan t opera ting  c h a ra c te r is t ic s .
F ir s t  i t  has low frequency, wide bandwidth c h a ra c te r is t ic s  which tend
to  minim ize a tte n u a tio n . Second, i t  has a h igher compliance, or
impedance match, than o the r ceramic c ry s ta ls ,  which tends to  produce 
b e tte r  coup ling  c h a ra c te r is t ic s  in  the r e la t iv e ly  s o ft  s o il sediments.
The o v e ra ll transducer performance can be improved even
fu r th e r ,  i f  an a rray  o f bender elements is  used. The f in a l  design o f
the shear wave transducer, used in  th is  te s t  s e r ie s , cons is ted  o f 4 
bender elements, separated by approxim ate ly a 1/16 inch a i r  space.






FIG. V II-1  SCHEMATIC OF SHEAR WAVE BENDER ELEMENT
98
Figure V II-2  and V II-3  are a photo and schematic, re s p e c tiv e ly , 
o f the various components o f one o f the acoustic  transducers fa b r ic a te d  
a t the U n iv e rs ity  o f New Hampshire, Kingsbury H all Machine Shop. 
E s s e n tia lly  the transducer consisted  o f a shear wave and compressional 
wave c ry s ta l seen in  F igure V I I -4 ,  window m a te r ia l, and two housings, 
one aluminum, one p le x ig la s s .
The p le x ig la s s  housing provided space fo r  the mounting o f the 
p ie z o e le c tr ic  c ry s ta ls . I n i t i a l l y ,  the aluminum housing was to  ac t 
as a re s e rv o ir  fo r  pressure compensating the in te r io r  s ide o f the 
window w ith  a transducer o i l .  This would be necessary due to  the 
required f le x ib le  nature o f the window m a te ria l. The use o f the o i l  
was e lim ina ted  however, before the te s ts  began. I t  was replaced w ith  
a more simple opera ting  a i r  back pressure procedure. The la t t e r  
perm itted  adjustment o f the pressure on the in te r io r  face o f the 
window to  the necessary le ve l requ ired  to  m ainta in  e s s e n t ia lly  zero 
pressure d if fe r e n t ia l  across the window, except during the actua l 
c y c lic  t r ia x ia l  te s t in g .
The requirem ent th a t the window m ate ria l be f le x ib le  so as to  
tra n sm it the shear wave, y e t strong enough to  re s is t  small pressure 
d if fe r e n t ia ls  proved to  be the most cha lleng ing  p a rt o f the transducer 
development. Two d if fe r e n t  f le x ib le - s e t t in g  s i l ic o n  compounds were 
t r ie d .  The f i r s t ,  Emerson and Cuming, In c . ,  Eccosil 4122, was a 
general purpose RTV s ilic o n e  rubber. This m a te ria l could not be 
adequately bonded to  the transducer housing, however. The second 
compound, Emerson and Cuming, Inc. Eccosil 2CN, was a c ry s ta l c le a r 
s ilic o n e  p o tt in g  compound. With the a id  o f a surface p rim er, th is  
m ate ria l was e ve n tu a lly  s a t is fa c to r i ly  bonded to  the p le x ig la ss  
housing.
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FIG. V II-3  SCHEMATIC OF KB-GR TRANSDUCER
FIG. V I1-4 KB-GR PIEZOELECTRIC CRYSTALS
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The compressional wave p ie z o e le c tr ic  c ry s ta ls  were manufactured 
by Transducer Products, Inc. These 1/4 inch th ic k ,  1/2 inch diameter 
d isks were designed to  operate in  a th ickness expander mode, ju s t  as 
in  the R-283E transducers. The c ry s ta l was mounted on top o f a 
pedestal th a t pos itio n e d  the ra d ia t in g  face very c lose  to  the s o il 
sample. The window th ickness a t th is  lo c a tio n  was less than 0.05 o f 
an inch.
The re s u lt in g  acoustic  transducers, h e re a fte r re fe rre d  to  as 
the KB-GR transducers, were thus capable o f e ith e r  tra n s m it t in g , or 
re c e iv in g , both shear and compressional wave transm iss ions. For the 
most p a r t ,  the design provided a rugged, re lia b le  device th a t performed 
s a t is fa c to r i ly  th roughout a l l  stages o f the c y c l ic  t r ia x ia l  te s t.
The f in a l  a d d itio n  to  the te s t in g  equipment o f th is  te s t  
se ries  was a s im ple, small s ig n a l, p re -a m p lif ie r  designed and constructed 
by the In tru m en ta tio n  Center a t UNH. In  a d d itio n  to  the a m p lif ic a tio n  
which th is  device p rov ided , improvements in  the s igna l to  noise ra t io  
were a lso achieved through the bandpass frequency c h a ra c te r is t ic s  o f 
the c i r c u i t .  The a m p lif ie r  provided a th e o re t ic a l gain o f 100 fo r  
a l l  the te s ts  o f th is  se rie s .
D escrip tion  o f the Testing  Procedure
P re lim ina ry  te s t in g  in  th is  se ries  was performed to  determine 
the opera ting  c h a ra c te r is t ic s  o f the newly constructed  transducers.
As discussed p re v io u s ly , the m a jo r ity  o f the problems th a t developed 
were associated w ith  the s e le c tio n  o f the proper window m a te ria l.
Once th is  d i f f i c u l t y  had been resolved the transducers b a s ic a lly  
operated as they had been designed.
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The f i r s t  p a ir  o f transducers th a t were b u i l t  consisted  o f a 
s in g le  bender element and the compression wave d isk . Although the 
performance o f these devices was s a t is fa c to ry ,  i t  was found th a t a 4 
bender a rray  re su lte d  in  a s ig n i f i c a n t  increase in  am plitude o f the
received shear wave s ig n a l.
The optimum d r iv in g  frequency fo r  the 4 bender a rray  was 
found to  be approxim ate ly 3500 HZ, and fo r  the compressional wave 
d isks 145 KHZ. Time measurements were made as in  the previous te s t  
s e r ie s , and s igna ls  were recorded w ith  the d ig i ta l  o sc illo scope .
As p a r t o f the development o f the new transducers a se ries  o f 
te s ts  were performed to  determine whether a tim e c o rre c tio n , or 
c a lib ra t io n  fa c to r ,  was needed to  account fo r  any small tra v e l times 
in  the f le x ib le  window m a te r ia l, o r time delays in  the acoustic  
system. As re fe rre d  to  e a r l ie r ,  the R-283E transducers were a lso
in ve s tig a te d  as p a r t o f th is  procedure.
The c a lib ra t io n  study was based on the e m p ir ic a lly  derived 
equation (see Appendix I )  fo r  the compressional wave v e lo c ity  o f 
w ater, reported  by W ilson (1960), and used p re v io u s ly  to  c o rre c t the 
compressional wave v e lo c it ie s  o f Chapters V and VI to  a common temper
a ture .
F i r s t ,  the t r ia x ia l  chamber was assembled and f i l l e d  w ith  
deaired w ater, ju s t  as in  a l l  previous te s ts ;  the on ly  d iffe re n c e  
being th a t the s o il sample was om itted  from the system. The temper­
ature  o f the water was next determ ined, and monitored through the 
te s ts  to  the nearest 0.1°C. The top cap and KB-GR transducer were 
then po s itioned  a t an a rb it ra r y  separation from the f ix e d  bottom 
acoustic  device , u t i l i z in g  the load ing  ram assembly from the c y c lic
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t r ia x ia l  te s t in g  equipment (see Figure V I-2 ) . An i n i t i a l  d ia l gauge 
reading was then made on the top o f the load ram s h a ft, and a compres­
siona l wave tra ce  was recorded fo r  the deaired w ater, a t the i n i t i a l  
transducer separa tion .
The top transducer was then ra ised  approxim ate ly one inch to  
a new separa tion , the change in  path length  recorded to  the nearest 
0.001 inch , and a second compressional wave s igna l recorded. This 
process was repeated a th ir d  tim e. The e n tire  procedure was then 
repeated w ith  the R-283E transducers. I t  should be noted th a t every 
e f fo r t  was expended to  insure  th a t the te s t  co nd itions  were as nearly  
id e n tic a l fo r  the c a lib ra t io n  o f the R-283E and the KB-GR transducers 
as was poss ib le .
The re s u lt in g  te s t  data was then analyzed to  determine the 
t im e - o f - f l ig h t  fo r  each transducer separa tion . Since the change in  
tim e , corresponding to  a pre-determ ined change in  path len g th , was 
known, the v e lo c ity  could be d ir e c t ly  ca lcu la te d . These values were 
then averaged fo r  each transducer, and compared to  the p red ic ted  
compressional wave v e lo c ity  o f w ater, co rrected  to  the approp ria te  
te s t  temperature. Any discrepancy in  the two v e lo c it ie s  would repre­
sent the c a lib ra t io n  fa c to r  needed to  c o rre c t the te s t  re s u lts  so 
th a t abso lu te , ra th e r than re la t iv e  va lues, could be reported.
Remarkably, both p a irs  o f transducers were found to  y ie ld  a 
compressional wave v e lo c ity  fo r  the deaired water th a t was w ith in  5 
m/sec, or 0.3% o f the p red ic ted  value. As a re s u lt  o f th is  f in d in g , 
the small v a r ia t io n , which could have been a re s u lt  o f measurement 
e rro rs  in  the c a lib ra t io n  procedure i t s e l f ,  was assumed to  be n e g lig ib le , 
and thus no c o rre c tio n  was made to  the time measurements determined
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w ith  the KB-GR, or the R-283E transducers. I t  should be noted th a t 
th is  e r ro r ,  i f  i t  e x is ts , is  system atic (always o f the same s ign ) in  
nature and not a cc id e n ta l. Thus i t  would not produce random re s u lts  
th a t would tend to  in te r fe re  w ith  in te rp re ta t io n  o f the te s t  data.
An analogous c a lib ra t io n  procedure was used w ith  the shear 
wave c ry s ta ls . Instead o f deaired w ater, a standard, medium-size 
Ottawa s i l i c a  sand was used to  prepare a sample, o f p ro g re ss ive ly  
increas ing  h e ig h t, by the dry p lu v ia t io n  method. The sample was 
ra ined in to  the s p l i t  mold as in  previous te s ts , w ith  the exception 
th a t the encapsulating membrane was om itted. This re su lte d  in  a 
sample th a t was being tes ted  in  an unconsolidated s ta te .
T im e -o f- f l ig h t masurements were made and recorded, as in  the 
previous te s ts , fo r  th ree  sample he ights by stopping the pouring 
process and sim ply re s tin g  the top KB-GR transducer on the sand 
surface. The sample h e ig h t, o r path length  was measured to  the 
nearest 0.001 inch , and the time was recorded fo r  the nearest 0.001 
m illise co n d .
From th is  data a p lo t  o f tim e versus d istance (as seen in  
Appendix I I I )  re su lte d  in  a very accurate s tra ig h t l in e  re la t io n s h ip , 
and corresponding time in te rc e p t fo r  zero path length  o f e s s e n t ia lly  
zero. Thus i t  was concluded th a t a tim e c o rre c tio n  was not requ ired  
fo r  the shear wave e le c tro -a c o u s tic a l system. The inverse slope o f 
the above p lo t  re su lted  in  a v e lo c ity  o f 103.4 m/sec fo r  the uncon­
so lid a te d  Ottawa sand prepared by the dry p lu v ia t io n  method.
The f in a l  shear/compression wave te s tin g  procedure consisted 
o f f i r s t  p reparing t r ia x ia l  samples o f Dover 40-50 sand by e ith e r  the 
dry p lu v ia te d  o r m oist tamped technique, as in  previous te s ts . Once
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prepared the sample was then placed under a vacuum o f 4 in . Hg, the 
s p l i t  mold removed, and the sample d ens ity  determined.
W ith the a d d itio n  o f the KB-GR transducers to  the te s tin g  
equipment i t  was once again poss ib le  to  make acoustic  measurements in  
the dry sample. Shear wave s igna ls  were thus recorded fo r  each 
sample a t 4 in . ,  10 in . ,  and 15 in . Hg. This procedure provided 
in fo rm a tion  on the v a r ia t io n  o f acoustic  s igna tu re  w ith  co n fin in g  
s tre s s , as w e ll as the shear wave v e lo c ity  and a tte n u a tio n .
A fte r  checking th a t the re  were no vacuum leaks in  the sample, 
the t r ia x ia l  chamber was then assembled, f i l l e d  w ith  deaired water 
and pressurized  to  2 p s i.  The vacuum was then removed from the 
sample.
To reduce the pressure d if fe r e n t ia l  on the window m ate ria l o f 
the transducers, the same vacuum th a t was being app lied  to  the sample 
was a lso app lied  to  the transducer housing. When the sample was 
subjected to  the c o n fin in g  s tress  o f 2 p s i,  a 1 psi backpressure was 
app lied  to  t iie  transducer thereby reducing the s tress  on the window 
to  what was found from p re lim in a ry  te s ts  to  be an acceptable le v e l.
A dry shear wave record was made o f the sample a t th is  p o in t 
in  the te s t  to  determ ine what e f fe c t  p re -s tre ss in g  o f the sample to  
15 in  Hg, and assembling the t r ia x ia l  chamber m ight have had on the 
p re v io u s ly  recorded s igna tu re .
The sa tu ra tio n  process was then begun by f lu s h in g  C0^  through 
the sample as in  a l l  previous te s ts . Deaired water was then allowed 
to  flo w  in to  the sample a t a very slow ra te . A shear wave s igna l was 
gene ra lly  recorded a t the time the water began e x it in g  from the top 
o f the sample, u su a lly  one hour a f te r  the water f i r s t  entered the 
sample base.
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The deaired water was flushed  through the sample fo r  a period  
o f from 8 to  16 hours. During th is  tim e v isu a l observations o f the 
change in  received shear wave v e lo c ity  and a tte n u a tio n  were made.
To determine whether the sample had been adequately sa tu ra ted  
the shear wave s ign a ls  were replaced w ith  the more s a tu ra tio n -s e n s it iv e , 
compressional wave transm iss ions. The re la t iv e  le ve l o f s igna l 
a tten ua tion  was found to  be a very good, non -des tru c tive  in d ic a to r  o f 
whether the sample had been flushed  w ith  deaired fo r  a s u f f ic ie n t  
period  o f tim e. I f  a w e ll-d e fin e d  s igna l could not be detected the 
f lu s h in g  process was continued.
Once a s ig n if ic a n t  compressional wave a r r iv a l was detected 
w ith  the KB-GR transducer, a shear wave s igna l was recorded fo r  the 
nearly  sa tura ted  sample a t the co n fin in g  s tress  o f 2 p s i.  This 
provided data on the e f fe c t  sa tu ra tio n  o f the sample was having on 
the shear wave s ign a tu re . The B-value device was then connected to
the sample and the back pressuring  process began.
To accomplish th is ,  the chamber pressure was increased to  50 
psi and the back pressure on the sample and the transducers to  40 
p s i,  in  5 psi increments. The f in a l  e f fe c t iv e  s tress  o f 10 psi 
represented the h ighes t le ve l o f e f fe c t iv e  s tress  th a t the sample had
experienced a t any tim e during the te s t .
Both the shear wave and compressional wave s ign a ls  were then 
recorded a t the e f fe c t iv e  s tress  leve l o f 10 p s i. The sample was 
then allowed to  "age" under these s tress  con d itio n s  fo r  a pe riod  o f 
approxim ately 24 hours, as in  previous te s ts .
At the end o f th is  back p ressuring  pe riod  the B-value o f the 
sample was determ ined, and a sa tu ra ted  shear and compressional wave
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s igna l recorded. The pressure on the s o il and transducers were then 
s low ly  decreased in  5 psi increm ents, and the sample removed from the 
chamber.
To determine the e f fe c t  o f s tress  h is to ry  on the sa tura ted  
shear wave v e lo c ity  a l im ite d  number o f c y c lic  t r ia x ia l  te s ts  were 
run during  th is  te s t  se ries  using e s s e n t ia lly  the same procedure as 
in  the previous chapter. The pore pressure was s low ly  b u i l t  up in  
the undrained te s t  sample to  a le ve l equal to  approxim ate ly o n e -ha lf 
the i n i t i a l  e f fe c t iv e  s tre s s , o r fo r  these te s ts  5 p s i,  in  5 to  10 
cycles o f pre-determ ined load ing.
A t the end o f each load cyc le  a shear and compressional wave 
s igna l were recorded and analyzed to  determine the e f fe c t  o f p re -s tre s s in g  
on the acoustic  s igna tu re  o f the sample. A to ta l o f f iv e  load cycles 
were app lied  before load ing  the sample to  l iq u e fa c tio n .
The pressure on the transducer housings was f i r s t  increased 
a t the s ta r t  o f the c y c l ic  t r ia x ia l  te s t  by 5 psi above the back 
pressure present in  the undrained samples. This was done in  a n t ic ip a t io n  
o f the pore pressure increase th a t would develop on the sample side 
o f the window as a r e s u lt  o f the app lied  c y c l ic  load. This procedure 
was found to  be s a t is fa c to ry  fo r  the p re -s tre ss  cycles as w e ll as the 
f in a l  load cyc le  in  which the sample was l iq u e f ie d .
Results o f the Tests
The use o f the KB-GR transducers p e rm itted , fo r  the f i r s t  
time in  the te s t  program, the de te rm ina tion  o f shear wave v e lo c ity  in  
the te s t  sample before and a f te r  s a tu ra tio n . As seen in  Figure
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the co n fin in g  s tress  o f 2 p s i,  were very s im ila r  fo r  the two methods 
o f sample p re p a ra tio n , dry p lu v ia t io n  and m oist tamping. A small 
increase in  v e lo c ity  can be seen w ith  inc reas ing  re la t iv e  dens ity .
In  ana lyz ing  these re s u lts  i t  must be re a lize d  th a t ,  in  fa c t ,  
the samples produced by the m oist tamping procedure are obv ious ly  not 
dry in  the same sense as the p lu v ia te d . Rather, they possess a 
m oisture conten t o f 8 percent, from the moment the sample is  f i r s t  
prepared.
To determine whether th is  seemingly small m oisture content 
was a ffe c t in g  the shear wave v e lo c ity ,  one o f the f i r s t  m oist tamped 
samples, was "d r ie d  o u t". By opening the bottom d ra in  l in e  to  the 
atmosphere, and p u ll in g  a small vacuum through the top d ra in  l in e ,  
dry room a i r  was c irc u la te d  through the sample fo r  a period  o f 48 
hours. The shear wave v e lo c ity  increased 50 m/sec, o r 25% a t the end 
o f th is  tim e pe riod . S im ila r re s u lts  were reported by Hardin and 
R icha rt (1963). They reported th a t a m oisture content o f as low as 
1.6  percent s ig n i f ic a n t ly  reduced the shear wave v e lo c ity  o f sand 
samples. I f  the v e lo c ity  o f the m oist tamped samples was corrected  
to  an a i r  d ry c o n d it io n , assuming a 25% increase, they would obv ious ly  
p lo t  s ig n i f ic a n t ly  above the dry p lu v ia te d  specimens.
S ig n if ic a n t d iffe re n ce s  in  the sa tu ra ted  shear wave v e lo c ity ,  
can be seen in  F igure V I I - 6 , which are dependent on the fa b r ic  o f the 
te s t  sample. The re s u lts  were determined a t an e f fe c t iv e  s tress  o f 
10 p s i. The dry p lu v ia te d  group show increas ing  v e lo c ity  w ith  re la t iv e  
d e n s ity , ranging from 140 m/sec to  180 m/sec, w h ile  the m oist tamped 
e x h ib it  s ig n i f ic a n t ly  fa s te r ,  a lb e it  less v a r ia b le  v e lo c it ie s ,  ranging 
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In  order to  compare the re s u lts  o f Figures V II-5  and V I I - 6  
the e f fe c t  o f inc reas ing  m oisture con ten t, and e ffe c t iv e  s tress  must 
f i r s t  be separated. This was done by analyzing the shear wave v e lo c ity ,  
determined a t a constant e f fe c t iv e  s tress  o f 2 p s i , ju s t  before and 
a t the end o f f lu s h in g  the sample w ith  deaired water. These re s u lts  
are presented in  Table I I I .  As can be seen, s ig n if ic a n t  decreases in  
shear wave v e lo c ity ,  a t a constant e f fe c t iv e  s tre s s , were seen fo r  
both methods o f sample p repa ra tion . Undoubtedly, the presence o f 
m oisture reduced the acoustic  r ig id i t y  o f the frame.
The e f fe c t  o f changes in  the leve l o f confinement on the 
shear wave v e lo c ity  were in ve s tig a te d  before sa tu ra tio n  by changing 
the leve l o f vacuum, and a f te r  by changing the le ve l o f exte rna l 
pressure. On the average the dry v e lo c it ie s  va ried  in  p ro po rtio n  to  
the two le v e ls  o f co n fin in g  s tress  being compared, ra ised  to  the 0.13 
power, w ith  the h igher value o f co n fin in g  s tress re s u lt in g  in  the 
fa s te r  v e lo c ity .
For the sa tura ted  case, increases in  the leve l o f e f fe c t iv e  
s tress  re su lted  in  corresponding increases in  the shear wave v e lo c ity  
fo r  most samples in  the p ro po rtio n  o f the two stresses ra ised  to  the 
0.25 power. This value was noted e a r l ie r  as having been reported  in  
a number o f previous sediment s tud ies .
Although the f le x ib le  nature o f the window m ate ria l in troduces 
a d i f f ic u l t - to - c o n t r o l  va ria b le  th a t e ffe c ts  the coup ling  and re s u lt in g  
ana lys is  o f s igna l a tte n u a tio n , i t  can be c o n fid e n tly  s ta ted  th a t as 
the m oisture content o f a sample increased the s igna l a tte n u a tion  
increased fo r  both fa b r ic s . A lso , as the leve l o f confinement or 
e f fe c t iv e  s tress  increased, s igna l a tten u a tion  o f the dry and satura ted
Vs , Dry
Test Preparation R e la tive  @ 2 p s i,
Number Method D ensity, % M/Sec.
128 Poured 53.6 180.
129 M oist Tamped 40.1 170.
130 Poured 60.2 183.
132 M oist Tamped 52.4 182.
133 M oist Tamped 67.6 179.
134 Poured 73.0 180.
140 Poured 52.5 165.
141 Poured 55.3 166.
142 Poured 51.8 164.
143 M oist Tamped 56.0 165.
144 M oist Tamped 57.7 160.












Table I I I
Saturated 
<T2 p s i,
M/sec











145.4 8 . 8 0.493
146.8 8 .6 0.493
146.0 8 .0 0.492
139.4 8.1 0.492
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shear wave decreased. Both o f these re s u lts  in d ic a te , as p re v io u s ly  
demonstrated, th a t changes in  the acoustic  r i g id i t y  o f a sample can 
be r e la t iv e ly  p re d ic te d  by changes in  the leve l o f s igna l a tte n u a tio n .
As in  the two previous te s t  s e r ie s , the sa tu ra ted  compressional
wave v e lo c it ie s  o f the t r ia x ia l  samples o f th is  group were a lso  found
to  be re la te d  to  sample fa b r ic .  As can be seen in  Figure V II -7 ,
samples prepared by the  m oist tamped technique e x h ib ite d , on the 
average a 15 m/sec fa s te r  v e lo c ity  than the dry p lu v ia te d  fa b r ic ,  
when compared a t the same re la t iv e  d e ns ity . The minimum acceptable 
B-value fo r  th is  se ries  was 0.97. The sa tura ted  compressional wave 
v e lo c it ie s  can be seen to  increase w ith  increas ing  r e la t iv e  d e n s ity , 
as in  previous compressional wave re s u lts . A l l  v e lo c it ie s  o f th is  
te s t  se ries  were a lso co rrected  to  24°C by the Wilson (1960) form ula.
I t  is  im portan t to  note th a t the compressional wave v e lo c it ie s  
measured w ith  the KB-GR transducers show f a i r l y  good agreement w ith  
those determined w ith  the R-283E devices, p a r t ic u la r ly  w ith  respect 
to  the r e la t iv e  d iffe re n ce s  in  the v e lo c ity  o f two samples w ith  the 
same d e n s ity , but w ith  d if fe r e n t  fa b r ic s .
A c lo se r exam ination o f F igures V II -7 ,  V I-5 , and V-6 revea ls , 
th a t on the average, the KB-GR transducers re su lte d  in  sa tura ted  
compressional wave v e lo c it ie s  some 25 m/sec fa s te r  than those found 
w ith  the R-283E devices. This equates to  approxim ate ly a 2.3 m icro­
second d iffe re n c e  in  the t im e - o f - f l ig h t ,  as measured w ith  the two 
d if fe re n t  transducers. Since th is  value was w ith in  0.2 microsecond 
o f o n e -h a lf o f the pe riod  o f the 236 KHZ d r iv in g  frequency used w ith  
the R-283E device , i t  was f e l t  th a t perhaps the f i r s t  h a lf  cyc le  o f 
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FIG. V II-7  SATURATED COMPRESSIONAL WAVE VELOCITY VS. RELATIVE DENSITY
116
By re-exam ining the compressional wave a r r iv a ls  recorded in  
the R-283E tim e c a lib ra t io n  study th is  hypothesis was confirmed. In 
the deaired water the s ta r t in g  d ire c t io n  was opposite from th a t 
observed in  the ana lys is  o f the te s t  samples. Since the c a lib ra t io n  
study had resu lted  in  e x c e lle n t agreement w ith  the p red ic te d  values 
fo r  the compressional wave v e lo c ity  o f the w ater, the observed negative 
s ta r t in g  d ire c t io n  had to  represent the c o rre c t acoustic  system 
response. As a re s u lt ,  the p o s it iv e  s ta r t in g  d ire c t io n  (which was 
re-observed in  a number o f te s t  records) used in  the ana lys is  o f 
R-283E s igna ls  produced a o n e -h a lf wavelength e rro r  th a t would cause 
the observed t im e -o f - f l ig h ts  to  be slower by o n e -h a lf the period  o f 
the pu lse , as was observed. The b e tte r  coupling o f the R-283E in  the 
deaired water versus the s o il-w a te r  m ixture  was probably most responsib le  
fo r  th is  observed behavior.
Thus, i t  was concluded th a t the fa s te r  v e lo c it ie s  found w ith  
the KB-GR transducers more a ccu ra te ly  represented the absolute compressional 
wave v e lo c it ie s  o f the Dover 40-50 sand. Of course, the re la t iv e  
d iffe re nce s  in  v e lo c ity  caused by the d iffe re n c e  in  sample fa b r ic  
were unchanged by th is  system atic e r ro r . I t  should a lso be noted 
th a t the same s ta r t in g  d ire c t io n  found in  the c a lib ra t io n  o f the 
KB-GR transducers was used in  the ana lys is  o f the te s t  sample re s u lts ,  
thereby e lim in a tin g  the p o te n tia l fo r  the discrepancy described 
above.
Once the shear wave v e lo c ity  and d e ns ity  o f a sample are 
known the Shear Modulus, G, can be ca lcu la te d  as in  Chapter V. From 
Figure V II -8 ,  as expected from the v e lo c ity  re s u lts ,  the Shear Modulus 
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sample fa b r ic .  The moduli increase w ith  increas ing  r e la t iv e  d e n s ity , 
ranging from approxim ately 5600 to  10,600 psi fo r  the d ry  p lu v ia te d , 
and from 11,400 to  13,100 ps i fo r  the m oist tamped, determined a t an 
e f fe c t iv e  s tress  o f 10 p s i.
Hardin and R icha rt (1963) reported a Shear Modulus o f approx­
im ate ly  13,000 psi (based on the re s u lts  o f resonant column te s ts )  
fo r  an angular g ra in  quartz  sand a t a s im ila r  co n fin in g  pressure. As 
noted in  Chapter I I ,  they a lso  reported  th a t the e f fe c t iv e  added mass 
o f water moving w ith  the frame in  a sa tura ted  g ranu la r m a te ria l was 
approxim ately on ly  40 percent o f the to ta l  mass o f water in  the 
vo ids. This behavio r, although not s in g u la r ly  s tud ied , could not be 
adequately ju s t i f ie d  on the basis o f the re s u lts  o f th is  te s t  se rie s . 
Thus, ra th e r than a r b i t r a r i ly  app ly ing  th is  c o rre c tio n , the f u l l  
w eight o f pore f lu id  was assumed in  the computation o f Shear Modulus. 
This to p ic  should be s tud ied  in  g re a te r d e ta il in  fu tu re  te s tin g .
Two o the r parameters, the r a t io  o f sa tura ted  compressional
wave v e lo c ity  to  shear wave v e lo c ity ,  o r V /V , and Poisson's r a t io ,
P ®
p were a lso  determined fo r  the samples o f th is  te s t  se rie s . As can 
be seen in  Table I I I ,  these computed re s u lts ,  which agree w e ll w ith  
those reported by Hamilton (1979) fo r  s im ila r  in  s i tu  c o n d itio n s , 
a lso  in d ic a te  the a b i l i t y  o f the acoustic  method to  r e l ia b ly  id e n t i fy  
the fa b r ic  o f a te s t  sample. In  fa c t ,  the d iffe re n ce s  in  Vp/Vg ar|d H 
are such th a t the r e la t iv e  dens ity  o f the sample does not even have 
to  be known in  o rder to  c o r re c t ly  id e n t i fy  the sample fa b r ic .  This 
observation is  a lso  tru e  fo r  the Shear Modulus re s u lts .
A number o f te s ts  were performed, ju s t  as in  the previous 
te s t  se r ie s , to  fu r th e r  document the e f fe c t  o f s tress  h is to ry  on the
119
acoustic  s igna tu re  o f  the Dover 40-50 sand. The on ly  d iffe re n c e  in  
the two te s t  se ries  was th a t the R-283E transducers were replaced 
w ith  the KB-GR devices. This pe rm itted  both the sa tura ted  shear and 
compressional wave v e lo c it ie s  to  be recorded a t the end o f each 
p re -s tre ss  cyc le .
Only very minor changes were found in  the two acoustic  ve lo ­
c i t ie s ,  in c lu d in g  both increases and unexpla inable decreases from the 
v ir g in  values fo r  the m oist tamped and dry p lu v ia te d  fa b r ic s . Since 
th is  re s u lt  does not c o rre la te  w ith  the known and observed e f fe c t  o f 
s tress  h is to ry  on the l iq u e fa c t io n  res is tance  o f sa tu ra ted  sands, 
which has been shown to  be d ir e c t ly  re la te d  to  acoustic  r i g id i t y ,  the 
most obvious exp lana tion  fo r  th is  anomaly would have to  be the KB-GR 
transducers.
In  p a r t ic u la r ,  i t  is  f e l t  th a t the f le x ib le  window o f the 
KB-GR transducers , u n lik e  the r ig id  design o f the R-283E devices, 
when combined w ith  the r e la t iv e ly  compressible a ir ,  back pressure 
system produced an end boundary co n d itio n  in  the sample u n like  th a t 
experienced in  previous c y c l ic  t r ia x ia l  te s ts . Whether th is  re su lte d  
in  coup ling  problems, m ig ra tio n  o f pore w ater, changes in  path len g th , 
o r some o the r unknown e f fe c t  cannot be c o n fid e n tly  s ta ted . Perhaps 
the use o f a less compressible f lu id ,  such as transducer o i l ,  in  the 
back pressure system would re s u lt  in  a b e tte r  system performance.
One f in a l  observa tion  w ith  respect to  s tress  h is to ry ,  in  
p a r t ic u la r  s ta t ic  s tress  h is to ry ,  o r o ve rco n so lid a tio n , can be made 
from the re s u lts  o f th is  te s t  se rie s . Increases in  the dry shear 
wave v e lo c ity ,  ranging from 5 to  10 m/sec, were observed in  both the 
dry p lu v ia te d  and m oist tamped samples when the co n fin in g  s tress  was
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increased from 4 in . Hg to  15 in . and then decreased to  4 in . again. 
This would in d ic a te , as expected, an increase in  acoustic  r i g id i t y ,  
due to  the e f fe c t  o f s tress  h is to ry .
D iscussion
With the development o f the KB-GR transducer the acoustic
te s t  method reached a new le ve l o f s o p h is tic a tio n . As expected, the
use o f both compressional and shear wave transm issions provided the
necessary data to  compute a number o f parameters th a t were s e n s it iv e
to  the fa b r ic  arrangement o f the Dover 40-50 sand. These included
Shear Modulus, the r a t io  o f V to  V and Poisson's R atio . Anyone o fp s
these parameters could be used to  r e l ia b ly  id e n t i fy  sample fa b r ic ,  
even w ith o u t knowing the sample d ens ity .
Regardless o f the acoustic  parameter chosen, the m oist tamped 
fa b r ic  was found to  be more a c o u s tic a lly  r ig id  than the dry p lu v ia te d , 
con firm ing  the re s u lts  found in  the previous te s t  se rie s . The e f fe c t  
o f p re -co n so lid a tio n  loads was a lso seen to  re s u lt  in  an increase in  
the acoustic  r i g id i t y  o f both sample fa b r ic s .
CHAPTER V I I I
SUMMARY AND CONCLUSIONS
Before d iscuss ing  the more q u a n t ita t iv e  re s u lts  o f th is  
in v e s t ig a tio n , i t  seems approp ria te  to  summarize a number o f less 
q u a n t if ia b le , but e q u a lly  s ig n if ic a n t  f in d in g s . Since the m a jo r ity  
o f these re s u lts  are re la te d  to  the development o f the te s t  method 
and re la te d  equipment, these w i l l  be presented under the to p ic  heading 
o f ins trum en ta tion . The experim ental re s u lts  w i l l  fo llo w . 
Ins trum en ta tion
1. The c y c l ic  t r ia x ia l  te s t  equipment, developed in  
stages du ring  th is  te s t  program, performed as expected, 
p ro v id in g  the necessary co n tro l o f te s t  con d itio n s  to  
insure  re p e a ta b il i ty  and s tan d a rd iza tion  o f the te s t  
procedure. This co n tro l re su lte d  in  the a b i l i t y  o f 
the te s t  program to  s im ula te  in - s i tu  s tre s s , s a tu ra tio n  
and load ing  co n d itio n s  he re to fo re  not reported  in  the 
l i t e r a tu r e  o f acoustic-based sediment s tud ies .
2. The R-283E transducers were found to  be extrem ely 
dependable, rugged and accurate fo r  use in  determ in ing 
the compressional wave transm ission  c h a ra c te r is t ic s  
o f the te s t  sand and fa b r ic s . The fa c t  th a t these 
devices are r e la t iv e ly  inexpensive ( le ss  than $20) 
and re a d ily  a v a ila b le , on ly  adds to  the s trong recom­
mendation fo r  th e ir  fu tu re  use in  s im ila r  o r re la te d  
s tud ies .
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3. A l l  o f the e le c tro n ic  components o f the acoustic  
p o rtio n  o f the te s t  equipment performed adequately 
th roughout the m a jo r ity  o f th is  in v e s t ig a tio n . Of 
course, the most im portan t element was the N ic o le t 
o sc illo sco p e . The a b i l i t y  o f th is  component to  
convert from analogue to  d ig i ta l  record a t a ra te  o f 
up to  20 MHZ perm itted  extrem ely accurate tim e mea­
surements to  be made. I t  was th is  accuracy th a t 
allowed the sometimes small d iffe re n ce s  in  acoustic  
behavior o f the sand fa b r ic s  to  be detected and 
c o n fid e n tly  reported . The storage c a p a b ili ty  o f the 
scope has provided a permanent and re tr ie v a b le  data 
base, th a t can be fu r th e r  analyzed in  fu tu re  te s tin g  
programs.
4. The research and development o f the KB-GR transducers 
is  c e r ta in ly  the most s ig n if ic a n t  ins trum en ta tion  
accomplishment o f the te s tin g  program. The a b i l i t y  
o f these devices to  accu ra te ly  p rovide both the shear 
and compressional wave components o f the acoustic  
s igna tu re  o f a la b o ra to ry  te s t  sample from the same 
acoustic  device adds s ig n i f ic a n t ly  to  the v a l id i t y  o f 
the te s t  method. To th is  a u th o r's  knowledge on ly 
S h ir le y  (1978) has p re v io u s ly  used a design th a t 
inco rpo ra ted  both shear and compressional wave c ry s ta ls  
in to  the same acoustic  transducer.
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Experimental Results
1. The th ree  p repa ra tion  techniques and accompanying 
s a tu ra tio n  process re su lte d  in  la b o ra to ry  samples 
v /ith  c o n s is te n tly  d if fe re n t  fa b r ic s  in  which the 
len g th , d ens ity  and le ve l o f sa tu ra tio n  were a l l  
p re c is e ly  known. T h is , when combined w ith  the accurate 
co n tro l and s im u la tio n  o f in  s i tu  s tress  cond itions  
discussed above, re su lte d  in  a non-des truc tive  te s t  
method th a t could t r u ly  is o la te  and id e n t i fy  the 
e f fe c t  o f fa b r ic  on the acoustic  transm ission  char­
a c te r is t ic s  o f a sa tura ted  sand. This p o in t cannot
be overemphasized, since a l l  p re v io u s ly  reported  
stud ies seem to  be lack ing  in  a t le a s t one o f these 
te s t  procedure areas.
2. Both the dry and sa tu ra ted  compressional wave v e lo c ity  
provided a re lia b le  acoustic  in d ic a to r  o f sample 
fa b r ic  as seen in  Figures V-5, V-6, V I-5 , and V II-7 .
In the dry m a te ria l the compression wave was tra n sm itte d  
through the frame. Once a s u f f ic ie n t ly  continuous 
pore f lu id  path was es tab lished  the v e lo c ity  increased 
by approxim ately a fa c to r  o f 4 .5 , to  a v e lo c ity  on ly 
s l ig h t ly  fa s te r  than water alone. This ind ica te d  a 
s h i f t  in  transm ission  path from the r e la t iv e ly  compres­
s ib le  s o il frame to  the r e la t iv e ly  incom pressib le , 
and consequently h igher v e lo c ity  pore f lu id .  This 
behavior was a lso  confirmed by the fa c t  th a t the dry 
compressional wave v e lo c ity  va ried  w ith  approxim ately
124
the 0.25 power o f e f fe c t iv e  s tre s s , as seen in  Table 
I I ,  w h ile  the sa tura ted  v e lo c ity  was e s s e n t ia lly  
unchanged by the changes in  e f fe c t iv e  s tress  u t i l iz e d  
in  the te s t  program.
3. The sa tura ted  compressional wave acoustic  s igna tu re  
was found to  be very s e n s it iv e  to  the B-value o f the 
te s t  sample. This was p a r t ic u la r ly  tru e  fo r  s igna l 
a tte n u a tio n . Once a minimum B-value had been achieved, 
however, th is  p o rtio n  o f the acoustic  s igna tu re  a lso 
provided a re lia b le  in d ic a to r  o f sample fa b r ic  as
seen in  Figures IV-6 and V I-6 . Further study is  
needed in  th is  area, p a r t ic u la r ly  w ith  regard to  the 
e f fe c t  the f le x ib le  window o f the KB-GR transducers 
has on the coup ling  o f both the shear and compressional 
wave transm issions.
4. Both the d ry  and sa tura ted  shear wave v e lo c ity  provided
e x c e lle n t in d ic a to rs  o f sample fa b r ic  as seen in
Figure V II-5  and V II -6 ,  re sp e c tive ly . For most
c o n d itio n s , they were found to  be even more s e n s it iv e ,
on a percentage bas is , than th e ir  compressional wave
coun te rpa rts . The re s u lt in g  dynamic s treng th  parameters
o f Shear Modulus, V /V and Poisson's R a tio , which 5 p s *
in h e re n tly  con ta in  in fo rm a tion  on both wave v e lo c it ie s  
and the sample d e n s ity , proved to  a lso be s e n s it iv e  
in d ic a to rs  o f fa b r ic  as seen in  Table I I I  and Figure 
V I1-8. The values obtained throughout the te s t  
program were in  general agreement w ith  those reported
125
in  a number o f re la te d  s tud ies . (H ardin and R icha rt 
(1963), Hamilton (1979), S h ir le y  (1978)).
5. The shear wave v e lo c ity  and s igna l am plitude were 
found to  decrease w ith  increas ing  m oisture con ten t, 
w ith  as l i t t l e  as 8 percent m oisture producing a 
decrease in  v e lo c ity  in  excess o f 25 percent. The 
opposite trend  was seen w ith  respect to  e f fe c t iv e  
s tre ss . That is ,  the shear wave v e lo c ity  and s igna l 
am plitude increased w ith  increases in  e f fe c t iv e  
s tre ss .
6 . In  consequence, the fa b r ic  o f those samples o f Dover 
40-50 prepared by the m oist tamped techn ique, was 
found by a l l  o f the above parameters to  be more 
a c o u s tic a lly  r ig id  than the dry p lu v ia te d . The dry 
compressional wave re s u lts  o f F igure V-5 showed 
d iffe re n ce s  ranging from 10 to  40 m/sec, bu t the use 
o f th is  parameter cannot be recommended unless an 
acoustic  sensor could be developed th a t would not 
have to  be placed in  the in te r io r  o f the sample. The 
sa tura ted  compressional wave v e lo c ity  component o f 
the acoustic  s ign a tu re , determined p a r t ic u la r ly  w ith  
the KB-GR transducer, has proven to  be a very re lia b le  
in d ic a to r  o f sample fa b r ic .  As long as a minimum 
B-value o f 0.97 is  m ainta ined, even the r e la t iv e ly  
small d iffe re n ce s  o f 15 m/sec observed in  the Dover 
40-50 sand can be c o n fid e n tly  reported . As seen in  
V II-5  and V I I -6 ,  the dry and sa tu ra ted  shear wave
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v e lo c ity  appear to  be even more s e n s it iv e  to  d i f f e r ­
ences in  sample fa b r ic ,  on a percentage bas is . On 
the average, the m oist tamped fa b r ic  was found to  
possess a sa tu ra ted  shear wave v e lo c ity  approxim ate ly 
15 percent fa s te r  than a s im ila r  d ens ity  d ry  p lu v ia te d  
sample a t an e f fe c t iv e  s tress  o f 10 p s i. The computation 
o f the re la te d  dynamic s treng th  parameters seen in  
Table I I I  and Figure V II -8  rep resen t, in  th is  a u th o r's  
o p in ion , the most prom ising parameters fo r  r e la t in g  
acoustic  s igna tu re  to  l iq u e fa c t io n  res is tance . I f  a 
s u f f ic ie n t  data base could be c o lle c te d  from fu tu re  
lab o ra to ry  te s ts  so th a t an em p irica l re la t io n s h ip  
between these parameters, and res is tance  to  liq u e ­
fa c tio n  could be developed then the extension o f the 
te s t  method to  the in  s i tu  case would be g re a t ly  
s im p lif ie d .
7. The same re la t iv e  behavior observed w ith  the acoustic
s igna tu re  can a lso  be seen in  the liq u e fa c t io n  res is tance  
re s u lts  o f F igure V I-7 . That is ,  the m oist tamped 
fa b r ic  was found to  be s ig n i f ic a n t ly  more r ig id  than 
the dry p lu v ia te d  when compared a t the same number o f 
load cyc les . Thus, an acoustic  method has been 
developed th a t a ccu ra te ly  re la te s  the fa b r ic  o f a 
sa tu ra ted  t r ia x ia l  sand sample to  i t s  lab o ra to ry  
res is tance  to  liq u e fa c t io n . The e f fe c t  o f s tress  
h is to ry ,  determined w ith  the R-283E transducers , was 
a lso  observed to  produce s im ila r  increases in  both 
the acoustic  and dynamic r i g id i t y  o f the te s t  samples.
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In  summary, an acoustic  technique has been developed which is  
capable o f accu ra te ly  and r e l ia b ly  d is t in g u is h in g  between la b o ra to ry  
samples o f the same sand and de n s ity  but w ith  d if fe re n t  fa b r ic s .
This in fo rm a tion  can in  tu rn  be re la te d  to  the re la t iv e  d iffe re n ce s  
in  l iq u e fa c tio n  res is ta nce  o f  the same te s t  specimens. Based on 
these re s u lts , fu tu re  te s t in g  can now proceed to  extend th is  method 
to  the equa lly  cha lleng ing  in  s i tu  case.
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GLOSSARY OF GEOTECHNICAL TERMS
L iq ue fac tio n  -  a fa i lu r e  mechanism in  sands denoted by a co n d itio n  
where a s o il w i l l  undergo continued deform ation a t a constant 
low res idua l s tre s s , o r w ith  no res idua l re s is ta nce , due to  the 
b u ild -u p  and maintenance o f high pore water pressures which 
reduce the e f fe c t iv e  co n fin in g  pressure to  a very low value.
Standard P enetra tion  Resistance -  The number o f blows o f a drop 
weight requ ired  to  d rive  a 2" diameter ho llow  s tee l sampling 
spoon 12" in to  the s o il la ye r. A w eight o f 140 lb . and a drop 
he igh t o f 30 in . are considered standard.
C o m p re ss ib ility , 0 -  as used by Hamilton (1971), is  defined by the 
fo llo w in g  equation:
where is  the compressional wave v e lo c ity
p is  the shear ( r i g id i t y )  modulus
p is  de ns ity
D50 Size -  That screen opening a t which 50 percent o f the sample w i l l  
pass through.
Minimum and Maximum Dry Density -  Represents the most loose and most
dense s ta te  o f packing re s p e c tiv e ly , fo r  a p a r t ic u la r  s o il type.
These values were determined in  accordance w ith  ASTM D2049-69. 
R e la tive  Density - Defined by the fo llo w in g  equation:
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Y . = Minimum Dry U n it Weight
v = Maximum Dry U n it Weight’ max J a
Y = U n it Weight o f Sample Being Tested
Porewater Pressure -  The le ve l o f s tress  a c tin g  in  the s o lid  and in  
the water in  every d ire c t io n  w ith  equal in te n s ity .
B-Value -  The r a t io  o f the increase in  porewater pressure to  an 
increase in  c e ll  p ressure , in  an undrained sample.
Back pressure -  A term re fe r r in g  to  the le ve l o f s tress  app lied  to
the porewater o f a s o il specimen to  promote more complete s a tu ra tio n .
Pore Pressure R atio -  The r a t io  o f b u il t -u p  pore water pressure in  a 
s o il sample to  the i n i t i a l  e f fe c t iv e  s tress  present a t the s ta r t  
o f the te s t.
Wilson Equation -  The fo llo w in g  em p irica l equation fo r  the compressional 
wave v e lo c ity  o f w ater, w ith  temperature c o rre c tio n , was reported  
by Wilson (1960):
V = 1449.2 + AVt ,
where
AVt = 4.6233T -  5.485 x 10"2 T2 +
2.822 x 10"4 T3 -  5.07 x 10“ 7 T4 
T = Water Temperature in  °C
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T W X .  7 1 0 > 3 4 8 - 6 9 3 2  
T E L . (6 1 7 )  7 4 9 0 6 0 0
Massa Products Corporation
2SO Lincoln Street;, Hingham, Mass. 0 2 0 4 3
R-283E 
Data Sheet
IN  R E P L Y  R E F E R  T O :




Receiving (dB v?> 1V/mierobar)  — 76.5
Transmitting (dB vs 1 microbar/yd/watt). -i 91.5
Totel Beam Width (conical)
at —3 dB points ........................ . 13°at — 6 dB points............................ 18°at —10 dB points ..................22°
Resonant Frequency (series)................  200 kHx
Resistance at Resonance 
(tuned with 0.8 mh choke) .............. 2000 ohms
Power Handling Capacity 
(Maximum peak watts).................... 100
Dimensions ................................. I^'dlaa3" long
Weight ...................................... 7 ox.
Cable..........................................Coax. 10 ft.
Over a Generation ot Outstanding Leadership in Electroacoustics
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Reference Sensitivity at .J 5 .Q  Hz at  °C
C able Capacitance o f  ) . . \ .Q ............ pF
C harge S ensitiv ity**
 ...... pC /m s—2, or .........! 2 r .Q * r \   p C /g *
Voltage Sensitiv ity**
 m V /m s —J,o r .. ......................   m V /g
C apacitance (including c a b le ) 1.7S *2 .^..........  pF
M axim um  Transverse Sensitivity at 3 0 Hz %
W eight ............................ 13 . . .  grams
Undam ped natural frequency .................   39 . kHz
For mounted Resonant Frequency and for Frequency 
Response relative to Reference Sensitivity, see at­
tached individual Frequency Response Curve
Polarity is positive on the center of the connector for 
an acceleration directed from the mounting surface 
into the body of the accelerometer.
Resistance minimum 2 0 0 0 0  M O  at room temperature.
Date  Signature ^ ( 2 - . .
* 1 g = 9 .8 0 7  ms— 2
**  This calibration is traceable to the National Bureau 
of Standards Washington D C.
Typical Tem perature Sensitiv ity  Error
in dB rel. the Reference Values  
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B  16mm-Q,63" 
_  . „U m m -q 5 5 '
M ateria l: Titanium
M ounting  Thread: 1 0 — 3 2U N F -2B
0 E lectrical.Connector: Coaxial1 0 — 3 2  U NF-2A  thread
Environmental:
Hum idity: Sealed
M ax. Tem perature: 1 77°C  or 3 5 0 °F  
M ax. Continuous Sinusoidal Acc. (peak):
3 0 0 0 0 m s — 2 or 3 0 0 0 g  
M ax. Shock Acceleration: 1 0 0 0 0 0 ms- 1 or|1 OOOOg 
Typical M agnetic  Sensitiv ity  (5 0  Hz): 6  ms— J/T  or 
0 ,0 6 g /k g a u s s  
Typical Tem perature Transient Sensitivity:
(Low. Lim. Freq.: 3 Hz) 0 ,4 m s - V ° C  or 0 .0 4 g /° C  
Typical Base Strain Sensitivity:
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